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ABSTRACT 


The  objectives  of  a  comprehensive  investigation  of  three  techniques  for 
rating  the  combustion  stability  of  liquid-propellant  rocket  engines  vere 
the  establishment  of  the  characteristics  of  the  techniques  and  of  their 
intercorrelations.  The  techniques  studied  were:  (l)  nondirected  explosive 
bomba,  (2)  directed  explosive  pulse  guns,  and  (3)  directed  flovs  of  inert 
gases.  Characterization  was  accomplished  through  cold-flcv  experiments; 
each  rating  device's  output  pressure,  impulse,  velocity,  etc.,  were  quan¬ 
titatively  correlated  to  variations  of  its  descriptive  parameters,  e.g. , 
explosive  charge  veight,  explosive  type,  burst  diaphrapa  strength,  bomb 
case  thickness,  etc.  Correlating  equations  are  given. 

Correlations  among  techniques  vere  sought  by  applying  them  at  various 
positions  and  directions  to  an  operating  rocket  and  measuring  the  com¬ 
bustor's  stability  response.  Two  different  propellant  injectors  vere 
tested  vith  NgO^/K  ^-UDMH  (50-50)  propellants;  one  of  the  injectors  was 
tested  vith  NgO^/UWfl  propellants.  The  nominal  operating  conditions  vere 
130-psia  chamber  pressure  and  1.6  mixture  ratio.  It  vas  discovered  that 
coartnistion  vith  these  propellants  and  operating  conditions  is  insensitive 
to  transverse  velocity  or  displacement  perturbations;  the  gas-flov  technique 
initiated  no  charter  pressure  disturbances.  Hovever,  considerable  sensitivity 
to  pressure  disturbances  from  bombs  and  pulse  guns  vas  observed. 

The  cortuator's  ultimate  stability  folloving  a  pressure  perturbation  could 
not  be  correlated  to  either  bort  or  pulse  gun  paraamtters  or  characteristics; 
recovery  to  stable  operation  occurred  randomly.  The  amplitude  of  the  initial 
pressure  vave  vas  correlated  quantitatively  to  both  the  rating  devices' 
parameters  and  characteristics.  The  best  correlations  vere  vith  the  param¬ 
eters,  so  direct  cosqiarison  of  the  techniques  through  their  output  character¬ 
istics  vas  not  possible.  The  initial  modea  of  instability  vere  qualitatively 
related  to  the  techniques  and  their  application  positions. 

By  revieving  the  determined  merits  and  limitations  of  the  rating  techniques, 
recoanmndations  for  selecting  a  rating  method  for  particular  rocket  engine 
programs  vere  developed.  The  preferred  method  of  rating  for  general  applica¬ 
bility  is  seen  to  be  a  complementary  combination  of  borts  and  pulse  guns. 
Recommendations  for  development  of  improved  rating  techniqjes  also  are  given. 
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SUMMARY  AND  CONCLUSIONS 


Results  are  reported  from  a  comprehensive  study  of  three  techniques  for 
rating  the  combustion  stability  of  liquid  propellant  rocket  engines: 

(1)  nondirected  explosive  bombs  positioned  within  the  combus^.ion  chamber, 

(2)  pulse  gun  blast  wave  and  explosion  products  directed  into  the  combus¬ 
tion  chamber,  and  (3)  metered  flows  of  inert  gases  directed  into  the  com¬ 
bustion  chamber.  The  objectives  of  the  study  were  to  characterize  the 
techniques  by  means  of  cold-flow  fluid  dynamic  experiments  and  to  estab¬ 
lish  correlations  among  them  through  hot-firing  determination  of  a  particu¬ 
lar  combustor's  stability  responses  to  them. 


BOMB  CHARACTERIZATION 

Cold-flow  characterization  of  explosive  bombs  consisted  of  exploding  them 
in  the  open  air  and  sieasuring  specific  characteristics  of  the  resultant 
air  blast  waves.  High-explosive  charges  were  encased  in  closed-end  cylin¬ 
drical  nylon  and  Micarta  shells  and  variations  of  charge  weight,  charge 
length-to-diameter  ratio  and  case  thickness  were  made .  Some  low-explosive 
(fast  burning,  double-base  pistol  powder),  nylon-case  bombs  were  also 
tested. 

A  Beckman  and  Whitley  Model  200  camera  was  employed  to  obtain  simultaneous 
high-speed  streak  and  framing  photographs  of  the  blast  waves  and  Kistler 
Model  603A  pressure  transducers  were  used  for  measuring  blast-wave  pressure¬ 
time  histories  at  specific  distances  from  the  bombs.  Blast-wave  over¬ 
pressures  were  obtained  in  three  ways,  viz.,  by  direct  transducer  measure¬ 
ment  and  by  calculation  with  the  normal  air  shock  relationships  using  both 
transducer-transit-time-derived  velocities  and  streak-photograph-derived 
velocities.  The  direct  transducer  overpressure  data  were  less  reproducible 
and  had  consistently  lower  values  than  the  corresponding  velocity-derived 
overpressures.  Direct  transducer  data  were  used,  therefore,  primarily  for 
measuring  blast-wave  unit  positive-impulse  values. 
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Velocity-derived  overpressure  date  vere  compared  with  correlations  from 
the  liters tore  for  blest  wares  from  large,  bare,  high-explosive  charges. 
Data  from  tvo  bare  charges  agreed  well  with  the  literature  correlations, 
but  orerpresaures  were  considerably  reduced  by  encasing  the  explosives. 
Overpressures  near  the  bombs  were  one  to  two  orders  of  magnitude  low, 
depending  upon  the  ease  thickness.  Blast-wave  overpressures  frost  the 
bombs  did  not  decay  as  rapidly  with  increasing  distance  as  do  those  froa 
bare  charges  so  the  bare  charge  values  were  reached  at  some  distance  frost 
the  beab.  Again,  that  distance  depended  upon  the  case  thickness. 

The  initial  overpressure  data  (i.e.,  at  the  outer  surface  of  the  bomb) 
were  quite  well  correlated  by  ssiltiple  regression  techniques  to  the  high- 
explosive  charge  weight  and  case  thickness  by  an  initial  velocity 
correlation: 

0.557  In  Tc 
1 

Neither  changes  in  charge  length-to-diaaieter  ratio  nor  from  nylon  to 
Micarta  case  material  affected  the  correlation. 

Blast-wave  velocities  measured  at  distances  of  5  to  10  inches  from  the 
bomb  were  similarly  correlated  with  time  froa  the  explosion  as  an  addi¬ 
tional  variable: 

In  c  -  constant  +  5*21  t  -  4.82  t2  +  0.186  in  V  - 

s 

1.05  t2  In  V  -  0.557  In  T  +  1.86  t  In  T  -  1.19  t2  In  T 

c  c  c 

A  different  value  of  the  constant  was  required,  however,  for  each  method 
or  position  of  data  acquisition  so  this  correlation  is  not  nearly  as  use¬ 
ful  as  the  one  for  initial  blast-wave  velocity  or  overpressure. 


ln  (•.). 


-  -4.507  ♦  0.186  ln  V  - 
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Blast-wave  unit  positive-impulse  values  were  obtained  by  planimeter  inte¬ 
grations  of  the  area  under  the  pressure-time  records  measured  with  a  trans 
ducer  10.0  inches  from  the  bombs.  These  data  were  veil  correlated  by: 


In  I  -  3.62  ♦  1.04  In  W  -  0.074  (in  W)2  -  0.377  In  T  + 

11  c 

4-0.112  In  (L/D) 

While  the  unit  positive  impulse  is  specific  to  the  10.0-inch  transducer 
location,  it  is  still  a  valid  and  useful  casiparative  bomb  characteristic. 

Durations  of  blast-wave  positive  overpressures  were  nearly  constant  and 
were  only  weakly  correlated  to  charge  weight.  This  is,  therefore,  not  a 
useful  characteristic  of  a  bomb. 

The  low-explosive  bombs  tested  exhibit  greater  scatter  in  their  pressure 
amplitude-charge  weight-case  thickness  relationships  than  did  the  high- 
explosive  bombs.  Further,  with  thin  cases,  multiple  pressure  waves  were 
irreproducibly  observed  and  there  was  evidence  of  incomplete  powder  com¬ 
bustion.  Thus,  high-explosive  charges  are  preferred. 


Cold  Characterisation  of  Bombs 


The  cold  characterisation  of  explosive  bombs  resulted  in  the  following 
conclusions: 

1.  High-explosive  charges  are  better  for  this  application  than  are 
low-explosive  charges.  The  low-explosive  tested  exhibited  greater 
scatter  in  explosion  time-delay  (fire  signal  to  case  rupture) 
and  pressure  amplitude-  charge  weight-  case  thickness  relation¬ 
ships,  irreproducible  production  of  multiple  pressure  waves, 
and  evidence  of  incomplete  powder  combustion.  .Among  charges 
variously  composed  of  PETN,  REX,  and  Composition  C-4,  it  did 
not  seem  to  matter  which  high  explosive  is  used. 
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2.  The  duration  of  the  first  positive  overpressure  portion  of  the 
blast  mvs  is  not  a  rali4  output  characteristic;  its  value  at 

■  10.0  inches  fron  the  both  mi  nearly  constant  and  vas  only 
weakly  related  to  the  charge  weight. 

3.  Haris—  blast  wave  overpressure  is  a  valid  and  useful  output 
characteristic.  Its  value  in  anbient  air  was  found  to  be  uniquely 
determined  by  the  charge  weight  and  confining  case  thickness. 

It  was  found  not  to  vary  significantly  with  the  charge  ahape 
par— star,  cylindrical  leagth/diaaeter  ratio.  Overpressures 
i—ed lately  adjacent  to  the  outer  surface  of  the  boub  case  were 
those  host  correlated.  Overpressures  in  the  interval  5  to  10 
inches  away  freu  the  boub  surface  were  quite  veil  correlated  by 
the  sa—  expression  only  if  a  variable  constant  were  introduced 
to  aeceuu t  for  the  source  of  the  data.  This  seriously  limits 
the  go— ral  usefulness  of  the  correlation;  the  fora  bused  on 
overpressures  at  the  boob  surface  is  preferred  for  calculating 
this  bosd)  characteristic. 

4.  (hit  inpulse  of  the  bead)  is  a  valid  characteristic.  Its  value, 
as  dotominod  at  10.0  inches  freu  the  booh,  — s  correlated  well 
with  explosive  charge  weight,  boub  case  thickness,  and,  sonevhat, 
with  charge  length/di  a— ter  ratio.  A  graphical  correlation  of 
overpressure  and  a  reduced  distance  para— ter  suggests  that  the 
obtained  correlation  is  specific  to  the  10.0-inch  location,  and 
that  values  at  greater  distances  would  presu— bly  be  less  de¬ 
pendent  on  the  bead)  para— tors. 

3.  The  characteristic  overpressure  and  impulse  correlations  obtained 
for  high  exploaives  were  not  affected  by  a  change  of  boub  case 
material  from  nylon  to  Mi  carta.  Substantially  fever  spurious 
signals  were  recorded  in  the  transducer*— asured  pressure-tine 
data,  however,  when  Micarta  vas  used. 
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PULSE  GUN  CHARACTERIZATION 


Pulse  funs  ver^  cold  characterized  bv  firing  then  into  a  pressurized  tunk 
and  measuring  some  blast-wave  characteristics  with  two  Kistler  Model  607L 
pressure  transducers  in  the  gun's  discharge  barrel.  These  guns  character¬ 
istically  produce  blast  waves  having  two  distinct  pressure  fronts.  The 
initial  front  results  from  the  burst  diaphragm  rupture  and  is  usually  steep- 
fronted  or  shock-like.  The  second  pressure  rise,  resulting  from  continued 
burning  of  the  explosive  charge,  is  not  steep-fronted  at  first  but  ampli¬ 
fies  the  blast  wave  to  its  maximum  value.  This  second  pressure  front  prop¬ 
agates  at  a  higher  velocity  than  the  initial  shock  wove  and,  as  it  progresses 
down  the  gun  barrel,  steepens  into  a  second  shock  wave. 

The  pressure  amplitudes  of  both  of  these  waves  are  related  to  the  explosive 
charge  weight,  the  burst  diaphrapn  strength,  the  backpressure  in  the 
receiving  tank,  and  the  transducer  position  downstream  of  the  burst  dia¬ 
phragm.  The  multiple  regression  correlating  equation  for  the  maximum 
blast  wave  pressure  is: 

in  Pwny  =  8.32  -  1.5k  In  W  +  0.32  (in  V)2  +  0.15  In  W  In  D  - 

0.06  (in  W)2  In  D  +  0.19  In  W  In  Pdb  +  0.008  (in  Pb>2 

The  positive  ioqmlse  of  the  pulse  gun  blast  wave  was  primarily  determined 
by  the  charge  weight,  with  tank  backpressure  exerving  only  a  weak  effect 
and  burst  diaphragn  strength  not  even  entering  the  correlation: 

In  I+  =  -6.43  +  1.73  In  W  -  0.11  (in  V)2  -  0.28  In  D  +  0.123  In 

The  positive  durations  of  the  blast  waves,  much  as  found  with  explosive 
bombs,  were  found  to  be  nearly  constant  and  were  not  considered  to  be  a 
useful  characteristic.  Blast-wave  velocity  was  correlated  but  there  was 
so  much  scatter  in  the  df.ta  that  little  confidence  can  be  placed  in  the 
correlation. 
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Several  pulse  gun  charges  were  fired  in  which  the  fast-burniig  pistol 
powder  (Hercules  Bullseye  No.  2)  was  replaced  with  a  slower  burning  mili¬ 
tary  rifle  powder  (duPont  Military  3031)*  Very  similar  trends  in  initial 
shock-wave  amplitude,  maximum  blast  pressure  and  impulse  were  observed 
although  the  values  were  approximately  halved  by  using  the  less  energetic, 
slower  burning  powder.  Repeatability  did  not  seem  to  be  improved  so 
there  was  no  indication  that  a  change  from  the  "standard"  Bullseye  powder 
would  be  beneficial. 


Cold  Characterization  of  Pulse  Guns 

The  cold  characterization  of  explosive  pulse  guns  resulted  in  the  follow¬ 
ing  conclusions: 

1.  The  blast  wcve  produced  by  the  pulse  gun  characteristically 
has  two  pressure  spikes.  The  first  is  a  shock  wave  resulting 
from  th>  burst  d iaphr a gm , rupture .  Its  amplitude  varies  both 

i1’ 

with  burst  diaphragm  pressure  rating  and  charge  weight.  The 
second  wave  is  frequently  not  steep-fronted;  it  is  believed  to 
result  from  continued  combustion,  at  a  high  rate,  of  explosive 
that  had  not  yet  burned  when  the  diaphragm  burst.  Its  amplitude 
also  varies  with  burst  diaphragm  strength  and  charge  weight. 

2.  There  was  considerable  scatter  in  the  pressure  data,  but  valid 
mean  values  were  obtained  by  firing  replicate  charges.  Correla¬ 
tion  of  characteristics  to  the  input  parameters  made  use  of  those 
mean  values. 

3.  The  maximum  blast  wave  overpressure  was  correlated  with  the 
charge  weight,  burst  diaphragm  strength,  transducer  location 
(distance  from  the  diaphragm)  and  pressure  of  the  vessel  into 
which  the  guns  were  fired,  and  was  found  to  be  a  valid  and  use¬ 
ful  pulse  gun  characteristic. 

A  The  blast  wave  impulse  was  found  to  be  a  valid  and  useful  pulse 
gun  characteristic  related  primarily  to  the  charge  weight  and 
transducer  location. 
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5.  Initial  shock  wave  velocity,  while  correlated  to  the  pulse  gun 
parameters,  is  of  questionable  validity  as  a  characteristic 
because  of  excessive  scatter,  even  in  the  averaged  data. 

6.  Maximum  blast  wave  overpressures  were  only  slightly  influenced 
by  downstream  pressure;  values  at  250  psig  were  approxisiately 
5  percent  higher  than  values  at  150  psig. 

7.  Values  of  initial  shock  wave  overpressure,  maximimi  blast  wave 
overpressure,  and  impulse  were  approximately  halved  by  replacing 
the  normal  fast-burning  Hercules  Bullseye  double-base  pistol  pow¬ 
der  with  a  lower-burning  (by  approximately  5:l)»  less-energetic 
(by  approximately  70  percent),  duPont  Military  3031 ,  double¬ 
base  rifle  powder. 

8.  Blast  wave  positive  duration  was  not  a  valid  pulse  gun  character¬ 
istic,  since  it  exhibited  only  random  variations  even  when  the 
powder  burning  rate  was  changed. 


GAS  FLOW  CHARACTERIZATION 

Cold  characterization  of  the  gas  flow  technique  consisted  mainly  of  demon¬ 
strating  that  the  apparatus  assembled  could  be  operated  in  a  manner  that 
would  give  reproducibly  controlled  flowrate  vs  time  profiles.  The  approach 
taken  was:  (l)  measure  the  gas  flowrate  delivered  from  a  fixed  gaseous 
supply  system  as  a  function  of  flow  control  valve  position  and  downstream 
pressure,  and  (2)  preprogram  the  valve  position  as  a  function  of  time  so 
that  a  particular  desired  flowrate  vs  time  profile  could  be  produced. 

This  approach  permitted  selection  of  any  arbitrary  flow  profile;  it  was 
anticipated  that  linear  rates  of  increase  in  gas  flowrate,  momentum  or 
kinetic  energy  might  be  used  at  various  times  during  the  rocket  engine 
test  program. 

Preprogramming  of  valve  position  vs  time  made  use  of  a  Donner  Model  3730 
diode  function  generator.  Satisfactory  control  was  demonstrated  by  gen¬ 
erating  ramp  flows  with  linear  flowrate  increases  ranging  from  approximately 
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4  to  25  lb/aac  with  nitrogen  and  approximately  1.8  to  5.9  lb/eec  with 

helium.  At  the  higher  rates,  full  flow  was  reached  in  approximately 
250  milliseconds. 

The  system  originally  assembled  had  siaximum  flowrates  of  approxisiately  5 
and  1.5  lb/sec  with  nitrogen  and  heliun,  respectively.  Higher  values 
were  desired  for  engine  pulsing,  so  an  additional  surge  tank  was  intailed 
in  the  gas  flow  generation  system  without  re-evaluating  its  characteristics. 

ENGINE  STABILITY  EVALUATION 

The  relative  effectiveness  of  the  stability  rating  techniques  in  deter¬ 
mining  a  rocket  combustor's  stability  traits  was  investigated  by  applying 
the  techniques  at  various  positions  in  an  operating  rocket  and  observing 
their  effects  on  its  stability.  The  nominal  10, 000-pound-thrust,  cylin¬ 
drical  rocket  combustor  employed  was  operated  at  fixed  conditions  of  150- 
psia  chamber  pressure  and  1.5  to  1.6  mixture  ratio  with  NgO^/NgH^-UDMH^O^O) 
propellants.  Straight  UDMH  was  also  used  as  the  fuel  during  some  tests. 

Two  different  injectors  were  tested:  one  had  an  unlike  triplet  injection 
element  pattern,  the  other  had  a  pattern. composed  of  both  self-impinging 
doublet  and  unlike  doublet  elements .  The  injection  end  of  the  combustion 
chamber  was  fitted  with  a  three-radial  vane,  uniformly  spaced  baffle 
assembly  that  had  provided  dynamic  combustion  stability  in  an  earlier 
ablative  chamber  use  of  these  injectors.  During  the  current  studies,  a 
metal-walled  chamber  was  used  to  better  accommodate  a  multiplicity  of 
rating  technique  positions  and  instability-monitoring  pressure  transducers. 

The  response  of  the  combustor  to  each  disturbance  was  measured  by  three 
or  more  flush-mounted  Photocon  Model  1325  pressure  transducers.  The 
transient  pressure  data  were  reduced  and  recorded  in  sufficiently  detailed 
form  that  the  rating  techniques  could  be  correlated  successively  to: 

(l)  the  initial  response  of  the  combustion  processes,  (2)  the  initial  mode 
of  combustion  instability  triggered,  (3)  transitions  to  other  instability 
modes,  and  (4)  whether  recovery  to  stable  operation  or  a  sustained  insta¬ 
bility  was  experienced. 


Quantitative  correlations  were  obtained  which  relate  the  initial  response 
of  the  combustor,  as  indicated  by  the  amplitude  of  the  first  observed 
pressure  wave,  to  the  parameters  and  characteristics  of  the  rating  tech¬ 
nique.  The  initially  triggered  mode(s)  of  combustion  instability  '  Id 
be  reluted  only  qualitatively  to  the  position  and  orientation  of  th*  rat¬ 
ing  device;  quantitative  correlations  broke  down  at  this  step. 

Response  of  Combustor  to  Gas  Flow  Batins  Technique 

f 

From  the  hot-firing  tests  in  which  directed  flows  of  gaseous  nitrogen 
and  helium  were  admitted  to  the  cosbustion  chamber,  the  following 
conclusions  have  been  drawn: 

1.  Steady-state  combustion  of  the  storable  N^/N^-UMfl  (50-50) 
propellant  cooAination,  under  the  conditions  tested,  is  insen¬ 
sitive  to  transverse  gaseous  displacement  disturbances;  i.e. , 
such  disturbances  do  not  result  in  swasurable  pressure 
disturbances. 

2.  Inert  gas  flowrates  ranged  up  to  about  25  percent  of  the  main 
propellant  flowrates  and  were  injected  at  velocities  up  to  the 
inert  gas  stream  sound  velocities  with  no  apparent  change  in 
the  lack  of  displacement  sensitivity.  Even  quite  high  rates  of 
flowrate  changes  (which  may  be  comparable  with  the  transient 
propellant  spray  gasification  and  combustion  triggered  by  a 
pressure  wave's  passage)  were  not  able  to  affect  the  sprty 
combustion  enough  to  generate  a  pressure  wave. 

3.  Among  tests  with  tangential,  chordal  and  radial  directions 

of  gas  injection,  no  apparent  differences  in  the  lsck  of  dis¬ 
placement  sensitivity  were  discerned. 

h.  The  tangential  and  chordal  gas  injection  established  vigorous 
transverse  eddy  flow  patterns  near  the  injector  on  a  scale 
that  is  large  compared  to  the  spacing  between  injection  elements. 
Observation  of  events  within  the  chasber  by  means  of  high  speed 
motion  cameras  looking  up  the  exhaust  nozzle  was  invaluable  in 
determining  this  fact. 
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Initial  Combustor  Bosponse  to  Exp  lot  ire 
Bomb  Bntinn  Technique 


The  attempts  to  eorrolato  observed  initial  preaaure  wave  amplitude  data 
to  tho  cold-flow  characteristic  and/or  input  paraneters  of  non-directional 
explosive  bonbs  resulted  in  the  following  conclusions: 

1.  The  initial  combustor  response  to  pressure  disturbances  froa 
bombs ,  as  indicated  by  the  amplitude  of  the  initial  pressure 
ware,  can  be  successfully  correlated  to  the  device's  character¬ 
istics  and/or  design  parameters  and  its  location  in  the  combustor. 
Bomb  charge  weight  and  case  thickness  are  very  influential  param- 
eters,  while  charge  shape  (L/D)  is  unimportant.  The  case  thick¬ 
ness  had  a  strong  residual  effect  in  correlations  using  bomb 
output  characteristics  that  is  unexplained.  Of  the  bomb  position 
variables,  the  distance  froa  the  injeotor  is  clearly  the  swst 
influential . 

2.  The  initial  pressure  wave  data,  as  recorded,  can  be  used  as  an 
adequate  measure  of  the  combustor's  stability  response.  The 
resultant  correlation  aodels  are  very  coaplex,  however,  and 
cross-cosqparisons  among  injectors,  chambers,  rating  devices  or 
other  variables  are  aade  very  difficult  and  qualitative.  Ad¬ 
justment  of  the  data  by  swans  of  an  incidence  coefficient,  which 
accounts  for  variations  in  pressure  wave  incidence  among  the 
transducers,  may  remove  much  of  the  complexity  and  improve  the 
ease  and  validity  of  comparing  correlations. 

3.  Measureable  pressure  waves  resulted  froa  detonation  of  every 
bonb  used  in  the  hot-firing  tests.  High-explosive  charge  weights 
froa  3.2  to  23  grains  were  used. 

4.  Increased  aaplitudes  of  the  initial  pressure  waves  resulted 
froa  increased  charge  weights.  This  effect  had  an  upper  limit, 
however,  since  23  grain  charges  resulted  in  aaplitudes  com¬ 
parable  to  those  froa  13.3  grain  charges.  Seasons  for  the  effect 
and  for  its  upper  liait  were  not  determined. 
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5.  The  pressure  wave  amplitudes,  as  adjusted  by  an  approximate 
incidence  coefficient,  remained  essentially  invariant  with 
transverse  distance  from  bombs  in  the  triplet  injector  tests 
and  increased  slowly  in  the  doublet  injector  teats.  The  re¬ 
sponse  which  the  propellant  spray  combustion  field  is  capable 

of  exhibiting  is  apparently  a  direct  function  of  the  disturbance 
amplitude,  otherwise  each  wave  would  continue  to  grow  in  time 
to  the  same  equilibrium  amplitude.  Some  fundamental  investiga¬ 
tion  of  this  phenomenon  appears  to  be  needed. 

6.  The  spray  combustion  field  established  by  the  doublet  injector 
was  distributed  over  a  longer  portion  of  the  cosdmstion  chamber 
and  contained  more  spray  than  that  from  the  trip1nt  injector. 

This  was  deduced  from  observation  with  the  doublet  injector  of: 

(a)  higher  initial  wave  amplitudes,  (b)  smaller  effect  of  bomb 
distance  downstream  from  the  injector,  (c)  continued  wave  growth 
in  the  transverse  directions,  and  (d)  lower  codbustion  efficiency, 
than  with  the  triplet  injector. 

7.  Similar  observations  for  50-50)  fuel  as  compared  with 

neat  UDMI  fuel  suggest  that  the  combustion  process  is  more  dis¬ 
tributed  with  the  former,  nixed  fuel.  Considering  the  higher 
latent  heat  of  vaporization  and  surface  tension  of  hydrasine, 
this  is  a  physically  realistic  result. 

8.  Bomb  orientation  effects  were  not  included  in  the  data  correla¬ 
tions,  which  were  based  whollv  on  cylindrical  bombs  whose  axes 
were  parallel  to  the  chamber  'a  cylindrical  axis.  Results  from 
a  few  bombs  installed  with  their  axes  normal  to  the  chamber's 
axis  indicated  appreciable  effects  which  deserve  continued 
investigation. 

9.  Similarly,  bombs  installed  in  or  near  the  converging  section  of 
the  exhaust  nozzle  gave  inexplicably  high  initial  wave  amplitudes 
and  should  be  investigated  further. 
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Initial  Cebmtor  Response  to  Explosive  Pulse 
Can  Bating  Technique 


The  attempts  to  correlate  oba erred  initial  pressure  were  amplitude  data 
to  tho  cold-flow  characteristics  and/or  input  paraaMters  of  the  directed 
pnlse  guns  lod  to  the  following  conclusions: 

1*  Tho  initial  coabustor  response  to  blast  wares  fron  pulse  guns, 
as  indicated  by  the  asgilitude  of  the  initial  pressure  ware,  was 
correlated  successfully  to  the  derice's  parameters  and  character¬ 
istics  and  to  the  position  and  direction  of  application  to  the 
combustor.  Charge  weight,  burst  diaphragm  strength,  barrel 
diasMter  and  barrel  length  were  all  influential  paraaieters  but 
were  orerahadewed  by  application  effects. 

2.  The  correlatien  models  were  complicated  by  a  number  of  chaadier 
distance  tans  which,  unlike  the  bomb  models,  were  not  particu¬ 
larly  simplified  by  adjusting  the  initial  ware  amplitude  data 
with  incidence  coefficients.  This  probably  resulted  fron  a 
directional,  rather  than  simply  spherical,  ware  propagation. 

3.  The  initial  pressure  ware  propagated  with  an  apparently  pseudo- 
spherical  expansion  fron  tho  pulse  entry  point.  Its  front 
appeared  to  be  more  like  a  shock  ware  and  propagated  faster  in 
the  direction  of  pulse  gun  orientation  than  in  other  directions. 

4.  Tho  initial  pressure  ware  amplitudes,  near  the  pulse  gun  entry' 
point,  generally  increased  with  increasing  charge  weight,  burst 
diaphragm  strength  and  barrel  diameter  and  decreased  with  in¬ 
creasing  distance  of  the  entry  point  from  the  injector. 

5*  The  amplitudes  at  greater  distances  from  the  entry  point  con¬ 
tinued  to  depend  upon  the  parameters  when  the  pulses  were 
directed  radially  or  chordal ly.  Tangentially  directed  pulses, 
however,  tended  to  give  higher  and  nearly  equal  initial  wave 
amplitudes  on  the  opposite  side  of  the  chamber  from  the  entry 
point. 
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6.  With  tangentially  directed  pallet,  the  initial  ware  amplitude 
near  the  entry  point  nay  ba  primarily  controlled  by  burat 
diaphragm  atrength. 

7.  Wares  whose  initial  amplitudes  near  the  entry  point  were  lose 
than  40  psi  were  attenuated  rather  than  amplified. 

8.  Higher  initial  ware  amplitudes  resulted  iron  using  the  doublet, 
rather  than  the  triplet,  injector  and  fron  using  N^H^-DDHS  (5O-50) 
fuel,  rather  than  neat  UM  fuel.  These  obserrations  are  con¬ 
sistent  with  the  boab  ratings. 


Ultimate  Combustion  Stability 

The  ultimate  stability  appeared  to  be  only  remotely  related  to  the  rating 
techniques.  Rather,  it  seemed  to  be  determined  by  a  coaq>lex  interaction 
among  the  initial  acoustic  mode(s),  a  lev-frequency  chug,  and  the  transi¬ 
tion  to  subsequent  instability  modes.  Sustained  instabilities  wars  almost 
invariably  a  coexistent  combination  of  the  third  tangential  and  first  radial 
acoustic  nodes.  Driving  of  the  third  tangential,  or  first  transverse  baf¬ 
fle  conpartncnt  node,  appeared  to  bo  the  key  to  a  sustained  instability. 

That  node  was  rarely  observed  in  the  first  3  to  5  milliseconds  after  the 
initial  pressure  wave.  That  tine  period  included  an  initial  surge  in  mean 
chamber  pressure  and  a  decay  to  the  lowest  pressure  portion  of  the  frequency 
chug.  Tbs  appearance  of  the  third  tangential  mode  depended  upon  appreciable 
amplification  of  the  first  tangential  acoustic  node  during  the  period  of 
recovery  from  the  depth  of  the  chug.  These  phenomena  were  not  successfully 
correlated  to  the  trigger  devices. 

The  sustained  instability  was  the  second  tangential  node  during  several 
tests  with  the  doublet  injector,  notably  those  in  which  a  boab  was  inserted 
radially  through  the  chamber  wall  and  spproziutely  one-half  of  those  in 
which  UDMH  was  the  fuel.  This  difference  was  not  explained. 
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COMPREHENSIVE  COMPARISON  AND  RECOMMENDATIONS 


A  comprehensive  comparison  is  drawn  among  the  rating  techniques  by  con¬ 
sidering  their  relative  merits  and  limitations  for  engine  application  and 
other  attributes  such  as  effectiveness,  repeatability,  reliability,  and 
handling  characteristics.  A  summarisation  of  the  relative  merits  and 
limitations  is  presented  on  the  frlloving  page. 

The  fact  that  the  correlations  derived  from  bomb  data  were  beat  described 
by  a  linear  model  and  the  pulse  gun  data  were  best  described  by  a  loga¬ 
rithmic  model  makes  it  difficult  to  sake  a  direct  comparison  of  the  effects 
of  the  techniques.  It  was  apparent  that  variations  in  charge  weight  had 
a  much  stronger  influence  on  the  resultant  pressure  disturbance  with  bombs 
than  with  pulse  guns.  The  other  variables  cannot  be  directly  compared. 

Aside  from  the  complexity  of  the  models,  an  additional  difficulty  is  that 
the  characteristics  of  the  techniques,  chough  related,  were  not  absolutely 
comparable.  The  initial  cold-flow  blast-wave  pressures  produced  by  a 
given  bomb  charge  weight,  for  example,  were  lower  than  the  maximum  blast- 
wave  pressures  awasured  in  the  pulse  gun  barrel  by  factors  ranging  from 
approximately  2  to  50,  depending  upon  case  thickness  and  diaphraps  strength. 
A  more  directly  comparable  characteristic  of  the  pulse  gun  might  be  the 
blast-wave  pressure  amplitude  imamdiately  downstream  of  the  termination 
of  the  barrel  in  the  combustion  chamber  wall. 

This  study  has  yielded  considerable  detailed  information  on  the  effective¬ 
ness  and  applicability  of  stability  rating  techniques  to  liquid  rockets. 

The  ultimate  stability  of  the  combustor  could  not  be  correlated  to  either 
bomb  or  pulse  gun  parameters  or  characteristics;  recovery  to  stable  oper¬ 
ation  occurred  randomly.  The  amplitude  of  the  initial  overpressure  was 
correlated  quantitatively  to  both  the  parameters  and  characteristics  of 
the  rating  devices.  Generalized  correlations  between  techniques  were  not 
established,  however.  The  initial  modes  of  instability  were  qualitatively 
related  to  the  techniques  and  their  position  of  application. 


MERITS  AND  LIMITATIONS  OF  RATING  TECHNIQUES 


The  current  effort  with  the  explosive  boub  end  pulse  gun  rating  devices 
has  ohovn  that  although  both  are  capable  of  producing  a  disturbance  vbich 
in  turn  aay  cause  a  sustained  coubustion  instability,  each  of  the  methods 
has  certain  operational  disadvantages.  An  additional  effort  is  required 
to  investigate  improvements  on  these  two  basic  methods  of  combustion  insta¬ 
bility  rating  devices  as  well  as  new  rating  devices. 

It  is  expected  that  a  relatively  simple  modification  of  the  design  of 
these  devices  would  partially  overcome  soam  of  their  shortcomings.  For 
instance,  either  the  use  of  a  high-burning-rate  powder  or  modification 
of  the  barrel  length  of  the  pulse  gun  should  introduce  a  more  definite 
and  steep-fronted  wave  into  the  chamber.  Modification  of  the  bomb  case 
material  would  produce  less  shrapnel  than  the  nylon  or  Micarta  cases 
which  are  currently  used. 

Although  the  existing  rating  devices  can  be  improved  to  the  point  of 
increased  versatility,  it  is  doubtful  that  a  particular  technique  can  be 
made  into  a  universally  appli cable  device. 


INTRODUCTION 


BACKGROUND 

Experience  has  shown  that  liquid  propellant  rocket  engines  occasionally 
operate  unstably,  with  moderate  to  high  amplitude  oscillations  in  pro¬ 
pellant  burning  rates  and,  therefore,  in  combustion  chamber  pressure. 

While  several  types  of  combustion  instability  have  been  identified  and 
studied  extensively,  the  most  difficult  to  control  and  eliminate  have 
been  those  destructive  oscillations  corresponding  to  the  cross-sectional 
acoustic  resonances  of  the  rocket  combustion  chamber.  Because  Ihe  fre¬ 
quencies,  pressure  distributions,  and  phases  exhibited  by  these  insta¬ 
bilities  are  similar  to  those  obtained  from  linear  solution  of  the  wave 
equations,  they  are  commonly  referred  to  as  "acoustic  instabilities," 
even  though  they  are  usually  nonlinear  and  sometimes  resemble  detonation 
waves. 

The  sources  of  energy  for  driving  acoustic  instabilities  are  predominantly 
the  propellant  atomization,  mixing,  gasification,  and  coodnistion  processes*, 
i.e. ,  those  processes  that  are  confined  within  the  combustion  chamber. 
Pressure  wave  notion  within  the  chamber  interacts  with  the  propellant 
spray  combustion  process  and  effects  transient  changes  in  the  local  pro¬ 
pellant  burning  rates.  For  the  wave  motion  to  be  sustained  (i.e.,  the 
pressure  wave  amplitude  increased  or  maintained ) ,  a  proper  phase  relation¬ 
ship  must  exist  between  the  oscillating  pressure  and  the  oscillating  burn¬ 
ing  rate.  In  most  cases  of  acoustic  instability,  the  coupling  appears 
to  be  quite  direct  because  each  wave  affects  the  propellant  combustion 
strongly  enough  that  sustaining  combustion  energy  is  added  directly  to 
that  wave.  A  single,  finite-amplitude  pressure  disturbance  thus  can  be 
amplified  and  result  in  oscillatory  cosdnistion.  Additionally,  however, 


*It  is  possible,  even  probable,  that  propellant  injection  rate  oscillations 
occur  during  an  acoustic  instability  and  thus  influence  the  instability 
driving  processes.  This  may  be  an  ii^>ortant  factor  in  the  establishment 
of  a  sustained  instability.  Once  an  instability  is  established,  however, 
injection  rate  oscillation  is  usually  considered  to  be  a  second-order 
effect,  resulting  in  a  somewhat  higher  or  lover  pressure  oscillation 
amplitude  than  if  the  injection  rates  were  invariant. 
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sustaining;  an  acoustic  instability  requires  that  the  altered  spray  com¬ 
bustion  field  must  be  capable  of  responding  positively  to  successive 
wave  passages,  adding  at  least  as  much  or  more  energy  to  each  wave  as 
the  damping  processes  remove. 

The  initiation  of  acoustic  instabilities  it  frequently  a  nonlinear 
phenomenon,  (i.e.,  a  weak  disturbance  or  oscillation  in  the  combustion 
chamber  may  not  be  capable  of  affecting  the  combustion  processes  enough 
for  the  disturbance  to  be  amplified),  while  a  somewhat  larger  disturbance 
m.iv  be  amplified  very  rapidly.  It  bus  long  been  believed  that  a  relation¬ 
ship  exist:*  between  a  rochet's  inherent  stability  of  combustion  and  its 
ability  hi  absorb  large  disturbances  yet  maintain  its  steady-state  opera- 
lion.  This  belief  forrir  the  basis  for  combustion  stability  rating. 


flu  ting  Combustion  Stability 

The  objective  of  stability  rating  testing  is  the  determination,  in  as 
few  tests  ns  possible,  of  the  relative  resistance  of  candidate  engine 
systems  or  components  to  the  initiation  and  sustaining  of  destructive 
or  otherwise  objectional  oscillatory  combustion.  Rating  techniques  may 
be  divided  into  two  broad  categories:  (l)  those  that  rely  upon  the 
spjntnneous  occurrence  of  unstable  combustion,  and  (2)  those  that  intro¬ 
duce  finite  disturbances  into  the  combustion  chamber  in  attempts  to 
initiate  instabilities  artificially.  Techniques  in  each  category  have 
definite  advantages  as  well  as  some  specific  shortcomings. 

Disturbances  that  arc  large  enough  to  trigger  an  instability  may  occur 
naturally  during  normal  rocket  engine  operation.  If  they  occur  frequently, 
every  test  may  be  unstable;  if  infrequently,  only  an  occasional  test  may 
be  unstable.  One  method  for  rating  a  system's  inherent  stability,  then, 
has  been  the  observation  of  the  percentage  of  tests  that  are  spontaneously 
unstable  during  normal  operation.  This  approach  is  obviously  prohibitively 
expensive  for  evaluating  the  effects  on  system  stability  of  seemingly 
minor  component  variations  or  improvements.  An  alternate  spontaneous 
rating  method  that  has  occasionally  been  used  involves  a  systematic 


variation  of  operating  conditions  until  a  region  of  spontaneous  insta¬ 
bility  is  found  and  its  boundary  at  least  partially  mapped  out.  The 
rating  then  consists  of  determining  how  the  instability  boundary  shifts 
when  an  engine  component  change  is  made.  Distance  of  the  normal  or  de¬ 
sign  operating  conditions  from  the  boundary  of  an  unstable  region  is  pre¬ 
sumed  to  be  synonymous  with  resistance  to  spontaneously  occurring 
instabilities. 

Parameters  that  have  been  varied  in  this  kind  of  stability  rating  are  the 
injection  mixture  ratio,  the  chamber  pressure  (by  variation  of  either 
propellant  flowrates  or  chamber  contraction  ratio),  and  propellant  tem¬ 
perature.  The  majority  of  such  rating  has  been  carried  out  in  research- 
scale  rocket  motors  designed  for  relatively  inexpensive  and  frequent 
testing.  This  method  has  been  used  only  infrequently  for  large  engine 
ratings;  by  far  the  greatest  use  in  this  regard  has  been  in  the  rating 
of  L0_/Ho  engines  by  varying  the  hydrogen  injection  temperature. 

The  following  advantages  may  be  ascribed  to  rating  techniques  that  rely 
on  spontaneous  occurrence  of  instability: 

1.  The  ratings  are  associated  with  naturally-occurring  disturbances. 

2.  Application  of  the  technique  does  not  disrupt  the  normal  com¬ 
bustion  chamber  flow  patterns  by  foreign  bodies  or  substances. 

3.  The  ratings  may  be  quite  reproducible. 

Conversely,  some  disadvantages  may  be: 

1.  A  relatively  large  number  of  tests  may  be  required  for  obtaining 
a  single  rating. 

2.  The  instability  rated  may  not  be  the  one  most  likely  to  be 
initiated  by  an  occasional  large  disturbance  at  the  normal 
operating  conditions. 
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3*  No  indication  ia  obtained  of  the  initial  disturbance  magnitudes 
experienced  in  obtaining  ratings.  (The  amplitude  of  the  result¬ 
ant  pressure  wave,  however,  may  be  related  to  that  magnitude.) 

4.  If  operating  conditions  are  varied,  the  rating  stay  be  obtained 
at  conditions  far  removed  from  normal  or  realistically  useful 
operating  conditions. 

3*  If,  operating  conditions  are  varied,  determined  boundaries  may 
be  associated  with  driving  mechanisms  which  are  different  than 
those  experienced  under  normal  operating  conditions  (e.g. ,  a 
region  may  be  encountered  where  instability  is  driven  by  feed- 
system-coupled  injection  rate  oscillations). 

The  second  category — the  introduction  of  a  finite  amplitude  disturbance 
for  artificial  instability  initiation — provides  a  means  of  rating  at 
the  normal  operating  point.  Advantages  are: 

1.  The  disturbance  can  nominally  be  controlled  as  to  time  of 
initiation  so  that  limited  hardware  exposure  to  a  destructive 
condition  may  be  scheduled. 

2.  Disturbances  can  be  sequenced  in  graduated  sizes  to  provide 
quantitative  relative  magnitudes. 

3.  More  than  one  disturbance  can  sometimes  be  introduced  in  a 
single  test. 

4.  The  mode  of  instability  initiated  may  be  controlled  by  proper 
selection  and  positioning  of  the  disturbance  source. 

Disadvantages  are  imposed  by  the  disruption  of  normal  propellant  flow 
if  a  device  is  inserted  in  the  chamber,  by  irreproducible  device  be¬ 
havior  or  combustion  response  from  test  to  test,  and  by  uncertainties 
as  to  whether  the  artificial  disturbance  bears  any  relationship  to 
naturally  occurring  triggers  that  might  occasionally  be  encountered. 

These  disadvantages  are  so  outweighed  by  the  advantages  and  by  the  need 
for  valid  stability  ratings  that  the  rating  techniques  based  on  artificial 
initiation  of  instability  have  been  employed  in  a  large  number  of  engine 
development  and  research  programs  during  the  past  10  to  12  years. 
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Three  basic  techniques  have  been  used  for  the  majority  of  the  rotings 
obtained  or  sought  using  artificial  instability  initiation: 

1.  Nondirected  explosive  bombs  placed  at  various  locations  within 
the  combustion  chamber 

2.  Explosive  blast  waves  from  pulse  guns  directed  into  the  com¬ 
bustion  chamber  through  the  chamber  sidewall 

3.  Directed  flows  of  inert  or  reactive  gases  similarly  introduced 
near  the  injector 

Various  investigators  have  preferred  one  or  another  technique,  and 
different  rocket  systems  (with  variations  of  size,  combustor  configura¬ 
tion,  injector  concept,  operating  conditions,  propellant  combination, 
etc.)  have  exhibited  varying  degrees  of  sensitivity  to  a  particular 
technique.  Since  ratings  have  been  sought  with  all  three  methods  only 
in  a  few  isolated  and  incomplete  studies,  meaningful  comparisons  among 
the  stability  traits  of  systems  or  the  applicability  of  techniques  have 
not  been  possible. 

The  investigation  that  is  the  subject  of  this  report  was  conducted  in 
on  attempt  to  establish  generalized  correlations  among  rating  techniques 
and  their  effects  in  initiating  unstable  combustion. 


Recorded  Pressure  Terminology 

The  cold-flow  characterization  of  the  explosive  bombs  were  obtained  in 
ambient  surroundings.  Such  terms  as  blast  wave  peak  overpressure,  peak 
ove  pressure,  blast  wave  pressure,  shock  wave  overpressure,  etc.  refer 
to  the  amplitude  of  steep-fronted  shock  waves  measured  at  a  finite  dis¬ 
tance  from  the  center  of  the  explosion.  The  magnitude  was  obtained  from 
either  direct  pressure  transducer  recordings  or  calculated  from  llankine- 
Ilugoniot  shock  relationships.  The  initial  shock  wave  overpressure,  how¬ 
ever,  refers  to  the  amplitude  measured  at  the  bomb-case  surface. 


The  cold-flow  characteristics  of  the  pulse  guns  were  obtained  by  firing 
then  into  a  pressurized  vessel.  Pressure  transducers  were  located  within 
the  gun  barrel  at  two  different  positions.  All  records,  with  one  exception, 
were  obtained  photographically  from  an  oscilloscope  trace.  A  point  of 
similarity  among  the  various  pressure  traces  was  the  apparent  occurrence 
of  two  shock  waves.  The  initial  steep-fronted  pressure  rise  was  undoubtedly 
a  shock  wave  resulting  from  the  burst-diaphragm  rupture.  The  magnitude 
of  this  recorded  pressure  is  referred  to  us  the  initial  overpressure  or 
initial  shock  wave  pressure.  The  secondary  shock  wave  usually  propagated 
faster  than  the  initial  wave  and  thus  tended  to  overtake  it.  It  is  identi¬ 
fied  as  the  second  pressure  rise  or  front,  maximum  blast  overpressure, 
mnxinum  blast  wave  pressure,  or  simply  as  the  peak  pressure. 

Pressure  transducer  outputs  during  the  hot-firing  program  were  recorded 
on  a  seven-channel  tape  recorder.  The  response  of  the  combustor  to  the 
device  disturbance  was  indicated  by  the  amplitude  of  the  first  observed 
pressure  wave.  This  wave  is  interchangeably  referred  to  as  the  initial 
peak  pressure,  initial  overpressure,  initial  peak  overpressure,  peak 
pressure  and  initial  pressure  wave. 
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C OUTFLOW  CHARACTERIZATION 


EXPLOSIVE  BOMBS 

In  rating  rocket  combustion  stability  with  explosive  bombs,  small  ex¬ 
plosive  charges  are  detonated  at  strategic  locations  within  an  operating 
rocket  combustion  chamber,  and  the  response  of  the  propellant  combustion 
processes  to  the  bomb  disturbances  are  observed.  Bomb  charges  must  be 
insulated  from  the  combustion  gases  to  avoid  premature  thermal  detonation. 
Protective  cases  made  of  Micarta,  Teflon,  nylon,  and  composite  ablative 
materials  have  been  used  in  previous  investigations.  If  thermal  detona¬ 
tion  is  to  be  avoided  for  more  than  2  to  3  seconds  of  mainstage  operation, 
it  may  be  necessary  to  use  such  protective  assemblies  as  a  spun  fiberglass 
heat  shield  slipped  over  a  machined  nylon  bomb  case. 

Bomb  disturbances  are  usually  intended  to  be  nondirectional ,  i.e.,  to 
produce  a  blast  wave  which  propagates  spherically  from  the  bomb  location. 
An  ideal  bomb  configuration,  then,  might  be  a  spherical  explosive  charge, 
containing  an  electrically  initiated  detonator,  tightly  confined  in  a 
spherical  insulating  shell.  Production  of  the  ideally  spherical  blast 
has  not  been  emphasized  however,  because  of  great  practical  advantages 
in  making  cylindrical,  rather  than  spherical,  charges,  viz.,  lover  case 
machining  costs,  ability  to  firmly  pack  different  charge  weights  into 
one  size  of  case,  easier  explosive  loading,  conformity  to  the  cylindrical 
shape  of  most  electrical  initiators,  and  easier  design  for  supporting 
the  bomb. 

Most  previous  rating  studies  employed  a  simple  cylindrical  bomb  design; 
this  design  was  used  exclusively  in  this  program,  as  well.  Each  bomb 
case  was  machined  from  a  solid  piece  of  a  single  material.  The  explosive 
charges  were  packed  into  the  closed  end  of  the  protective  cases  and  made 
to  conform,  as  nearly  as  practicable,  to  a  cylindrical  shape.  The  Lomb 
assemblies  were  attached  or  supported  from  the  opposite,  or  open  end. 


Experimental  Program 


Cold-characterisation  experiments  provided  data  for  relating  bomb  output 
charaeteriotioa  to  bomb  descriptive  parameters.  The  experiments  con¬ 
sisted  of  exploding  a  large  nunber  of  bombs  in  the  open  air  and  measuring 
specific  characteristics  of  the  resultant  air  blast  waves,  e.g.,  velocity, 
peak  pressure  amplitude,  the  duration  of  the  positive  pressure  portion 
of  the  wave,  and  positive  unit  impulse.  The  characteristics  were  measured 
by  simltaneous  use  of  pressure  transducer  and  high-speed  photographic 
instrumentation.  To  get  satisfactory  records,  particularly  from  the 
pressure  transducers,  some  development  of  the  experimental  arrangement 
was  necessary.  In  this  section,  the  experimental  approach  taken,  the 
instrumentation  used,  and  the  various  modifications  made  are  discussed. 


Experimental  Approach.  A  schematic  diagram  of  the  experimental  apparatus 
is  shown  in  Fig.  1;  a  bomb  is  shown  mounted  near  the  edge  of  a  large 
metal  plate  in  which  two  pressure  transducers  are  mounted.  In  an  edge 
view  (Fig.  Is),  it  can  be  seen  that  the  center  of  the  explosive  charge 
is  in  the  same  plane  as  the  top  surface  of  the  plate.  The  transducers 
are  thus  oriented  to  measure  the  pressure-time  history  of  the  bomb  blast 
wave  in  "side-on"  or  gracing  incidence  as  it  propagates  across  the  plate. 
This  orientation  was  chosen  to  minimise  the  possibilities  for  spurious 
pressure  signals  and  transducer  damage  resulting  from  bomb  fragments 
impacting  the  transducers.  The  use  of  two  transducers  gives  data  regard¬ 
ing  the  average  wave  velocity,  and  changes  in  wave  shape  and  amplitude 
between  the  two  positions. 

Photographic  equipment  is  shown  in  Fig.  lb  as  being  aligned  with  a  trans¬ 
ducer  station  to  obtain  simultaneous  jtreak  and  framing  photographic 
records  of  the  blast  wave  traversing  that  position.  From  the  wave  velocity 
determined  from  the  streak  film,  together  with  knowledge  of  the  ambient 
air  properties,  the  peak  pressure  associated  with  the  wave  can  be  calcu¬ 
lated  from  Ronkine-Hugoniot  shock  relationships.  In  some  experiments, 
streak  photography  was  used  to  obtain  peak  pressure  measurements  at  the 
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transducer  locations  for  comparison  with  the  direct  transducer  pressure 
data.  In  ether  tests,  the  photographic  equipment  van  aligned  with  the 
bead)  to  proride  data  on  the  peak  pressure  at  the  bomb  surface.  The  se¬ 
quence  of  finning  photographs  provided  a  visual  record  of  the  shock  wave 
and  particle  notion  as  an  aid  to  interpreting  the  pressure  data. 


Photographic  Instrunentation,  Sinultaneous  streak  and  fraaing  photographs 
of  the  blast  wares  were  obtained  with  a  Beckman  and  Whitley  Model  200 
canera.  That  air-turbine-driven ,  rotating-mirror  camera  had  previously 
been  used  in  a  study  of  detonator  fragMntation  and  so  was  essentially 
already  set  up  and  checked  out.  The  caanra  control  circuitry  includes 
an  event- initiating  (fire-control)  circuit  which  signaled  bomb  detonation 
when  the  caswra  achieved  a  preselected  speed.  For  all  but  a  few  of  the 
initial  checkout  experiments,  the  caswra  was  set  to  record  at  a  turbine 
(mirror)  speed  of  333  revolutions  per  second.  At  that  speed,  the  streak 
film  writing  rate  was  0.9206  ims/aucrosec  and  the  framing  pictures  were 
taken  at  73,260  pictures  per  second.  With  the  framing  stop  used,  ex¬ 
posure  times  were  3*23  microseconds  per  picture.  A  total  of  seven 
pictures  were  obtained  in  each  sequence. 

The  photographs,  both  framing  and  streak,  were  shadowgraphs,  having  been 
obtained  with  a  focused  backlight  beam.  The  light  source  was  a  0.73- 
inch-long,  5-«il  exploding  tungsten  wire;the  duration  of  usable  light 
'was  approxiawtely  100  microseconds.  An  11-1/2  by  1 1-1  /2-inch  plastic 
Fresnel  lens  with  a  19-inch  focal  length  was  used  to  converge  the  light 
into  the  camera  lens.  The  bomb  was  fired  between  the  Fresnel  lens  and 
the  camera.  The  effective  field  of  view  was  approximately  8  inches 
high  by  10  inches  wide. 


Pressure  Instrumentation.  A  review  of  cossMrcially  available  transducers 
led  to  selection  of  the  Kistler  Model  603A  piezoelectric  transducer  as 
the  one  most  likely  to  be  suitable  for  obtaining  satisfactory  pressure¬ 
time  records  from  bomb  explosions.  Since  costly  transducer  damage  could 
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result  from  direct  impingement  of  bomb  fragments  on  the  transducer  sensing 
diaphragm,  mounting  the  transducer  for  side-on,  rather  than  face-on,  wave 
incidence  was  selected*  Side-on  incidence  was  also  expected  to  permit 
direct  comparison  between  the  transducer-derived  and  wave-velocity- 
derived  peak  pressure  data  without  need  for  considering  wave— ref  lection 
coefficients. 

Preliminary  Evaluation.  Before  ordering  transducers  for  this  ex¬ 
perimental  work,  a  series  of  developswnt  tests  was  conducted  to  deter- 
mine  whether  adequate  transducer  mounting  and  placement  could  be  achieved, 
and  whether  fragment  damage  might  be  a  major  or  a  minor  problem.  An  early 
version  of  the  Kistler  Model  6O3A  transducer  (on  loan  from  another  program) 
was  flush-mounted,  off-center  in  a  24-inch  by  24-inch  by  1-inch-thick 
aluminum  plate.  This  transducer  mounting  plate  was  placed  on  a  6-inch- 
deep  bed  of  sand  for  dozening  plate  vibrations.  Initially,  no  attempt 
was  made  to  shock  mount  the  transducer;  the  available  unit  was  neither 
acceleration  compensated  nor  supplied  in  a  shock-resistant  adapter. 

Available  surplus  13.5-grain,  plastic-cased  detonators  were  used  (without 
protective  bomb  cases)  to  provide  blast  waves.  Tests  were  made  initially 
with  the  center  of  each  detonator  located  18  inches  horizontally  from 
and  4  inches  above  the  transducer.  When  no  evidence  of  transducer  damage 
was  observed,  those  distances  were  reduced  in  successive  tests.  Some 
sketches  of  bomb  and  transducer  locations,  and  exasqiles  of  the  recorded 
signals  are  sums  fixed  in  Fig.  2. 

Two  undesirable  characteristics  were  recorded  in  the  transducer  output 
signal:  (l)  A  low-frequency  (<  3000  cps)  oscillation  or  wandering 
about  the  aa&ient  pressure  line  occurred  before  the  arrival  of  the  air- 
blast  wave  (Fig.  2b  and  2c),  and  (2)  a  high-frequency  (~  130,000  cps) 
oscillation  followed  the  passage  of  the  shock  wave.  By  striking  the 
plate  at  the  bomb  position  with  a  hamser,  the  low-frequency  oscillation 


vis  determined  to  be  resonant  ringing  of  the  transducer  mounting  plate 
(Fig.  2d).  Three  changes  were  aade  which  helped  to  minimize  this  spurious 
signal: 

1.  The  transducer  was  floated  in  a  asss  of  RTV  rubber. 

2.  The  detonator  was  aoved  off  the  edge  of  the  transducer  mounting 
plate  and  lowered  so  that  the  center  of  the  explosion  was  in  the 
plane  of  the  plate  surface. 

3*  The  edge  of  the  plate  nearest  the  boab  was  shielded  from  direct 
boab  fragment  end  blast  wave  impact  by  a  separate,  isolated 
reflection  member  (Fig.  2h).  The  bed  of  sand  was  replaced  with 
a  wooden  mounting  block  when  this  isolation  shield  was  added. 

The  high-frequency  oscillation  was  identified  as  a  resonant  frequency  of 
the  particular  pressure  transducer.  This  oscillation  was  reduced  to  a 
satisfactorily  low  amplitude  by  electronic  compensation  using  a  Rocketdyne 
Dynaaic  Analog  Differential  Equation  Equalizer  (DADEE).  The  resonant 
frequency  of  this  transducer  is  just  at  the  upper  limit  of  the  DADEE  which 
was  available,  so  precise  matching  was  not  accomplished.  The  amplitude 
of  the  resonance  in  the  recorded  signal  was  reduced  acceptably  in  most 
cases;  however,  the  DADEE  electronics  introduced  a  noise  at  about  1  mega¬ 
cycle  which  was  removed  by  using  a  200-kilocycle  cutoff  filter.  Some 
typical  results  using  this  unit  and  conditions  comparable  with  Fig.  2i 
are  shown  in  Fig.  3.  The  pressure  calibration  for  Fig.  3  is  uncertain 
because  of  undetermined  gain  introduced  by  the  DADEE.  That  preliminary 
evaluation  demonstrated  that  satisfactory  pressure-time  data  could  be 
obtained  with  transducers  as  close  as  11  inches  to  the  plastic-cased 
detonators.  This  evaluation  was  terminated  after  firing  a  30-grain  bomb 
in  a  3/l6-inch-thick  nylon  case,  and  observing  no  transducer  daamge  or 
adverse  degradation  of  the  pressure  measurement. 

Continued  Transducer  Evaluation.  Discussion  with  Kistler  represen¬ 
tatives  disclosed  that  the  never  Model  603A  transducers  are  acceleration 
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coiptnutwl  and  are  obtainable  in  a  special  shock  nount;  one  was  purchased 
for  Measuring  the  blast  ware  pressure.  Its  response  and  resonance  charac¬ 
teristics  were  evaluated  in  a  Banner  similar  to  that  just  described  for 
the  transducer  which  was  not  acceleration  compensated.  The  transducer 
was  flush  Mounted  in  the  transducer  Mounting  plate,  and  subjected  to  the 
blasts  froM  13. 5-grain  and  5.5-grain  plastic-cased  detonators.  As  before, 
the  detonators  were  placed  11  inches  from  the  transducer,  and  were  oriented 
so  that  the  center  of  the  explosion  occurred  in  the  plane  of  the  upper 
surface  of  the  Mounting  plate.  The  electrical  output  of  the  charge  ampli¬ 
fier  of  the  transducer  was  fed  directly,  without  compensation  or  filtering, 
to  a  Hewlett-Packard  Model  175A  single-beam  oscilloscope  equipped  with  a 
Polaroid  camera. 

In  addition  to  its  acceleration  compensation,  the  new  transducer  was 
obtained  with  a  Delrin  (plastic)  shock-mount  adapter.  It  was  found  that 
appreciable  disturbances  were  transmitted  through  the  mounting  plate  and 
through  the  adapter  before  the  air  shock  arrived.  These  disturbances 
were  eliminated  by  removing  the  adapter  and  potting  the  transducer  into 
the  Mounting  plate  with  RTV  rubber.  A  typical  pressure-tine  record  ob¬ 
tained  with  a  bare  detonator  is  shown  in  Fig.  4. 


Multiple  Pressure  Transducers.  To  obtain  backup  data  on  blast-wave 
velocity,  both  Kistler  Model  603A  transducers  were  installed  in  the  mount¬ 
ing  plate.  They  were  placed  in  line  with  the  bomb  and  spaced  3  inches 
apart.  Their  nominal  distances  from  the  bomb  were  7  inches  for  the  un¬ 
compensated  transducer  and  10  inches  for  the  new  transducer.  The  external 
QADEE  and  filtering  previously  used  with  the  uncompensated  transducer  were 
not  used;  that  transducer  was  arerely  used  to  indicate  the  time  of  arrival 
of  the  blast  wave  at  its  position. 


The  outputs  from  both  transducers  were  recorded  on  a  Tektronix  Model  555 
dual-beam  oscilloscope  to  obtain  an  accurate  value  of  the  blast-wave 
transit  tine  between  their  locations.  The  output  of  the  new  compensated 
transducer  was  recorded  also  with  the  Hewlett-Packard  oscilloscope  noted 


— V.  •*  t  <-~» 


32 


5  psi/cm 
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Direct  Oscilloscope  Photo  of  the  Output  of 
an  Acceleration-Compensated  Kistler  60^ 
Transducer 

Fifure  K,  Pressure  Record  From  Explosion  of  a  Bure 
Olin  Plasticap  (5.5  Grains  RDX) 
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earlier.  Both  oscilloscope*  were  voltage  calibrated  daily,  and  the  sweep 
rates  were  checked  weekly  to  ensure  accurate  determination  of  time. 

Simultaneously  with  this  transducer  change,  the  bomb  fragment  deflector 
plate  was  mounted  differently  from  that  shown  in  Fig.  2h  to  obtain  better 
isolation  of  the  transducers  from  transmission  of  extraneous  signals 
through  the  mounting  plate.  The  configuration  finally  used  is  shown  in 
Fig.  5«  This  change  allowed  the  transducers  to  be  positioned  1  inch  closer 
to  the  bomb  than  the  earlier  position. 


Overall  Checkout  of  Experimental  Methods.  Before  undertaking  the  bomb 
test  series,  the  complete  system  was  checked  out  by  firing  explosive 
charges  having  known  blast-wave  characteristics.  Bare  spherical  charges 
of  50/50  Pentolite  (50-percent  FEIN,  50-percent  TNT)  were  selected  for 
this  purpose  because  free-air  blast  data  for  this  explosive  have  been 
compiled  (Ref.  1). 

Two  cast  charges  weighing  108  grains  each  were  made  available  from  another 
program.  Plastic-cased,  5.5-grain  detonators  were  used  to  initiate  the 
charges,  which  were  cast  with  a  detonator  well  that  extended  to  the  center 
of  the  charge.  Thus,  an  explosion  having  a  blast  wave  as  spherical  as 
practically  possible,  ana  having  essentially  no  fragments  to  affect  the 
measurements,  was  available  to  check  out  the  system. 

The  charges  were  fired  from  the  same  location  as  the  bombs  would  be  in 
subsequent  tests.  The  centerline  of  the  charge  was  in  the  plane  of  the 
transducer  mounting  plate  in  both  tests,  but  the  detonator  orientation 
was  varied.  In  the  first  test,  the  detonator  axis  was  normal  to  the  plane 
of  the  mounting  plate  (detonator  above  the  plate),  while  in  the  second 
test  the  detonator  was  in  the  plane  of  the  mounting  plate  and  extended 
from  the  charge  diametrically  opposite  from  the  transducers. 

When  the  first  charge  was  fired,  the  delay  time  from  fire  signal  to 
oscilloscope  sweep  signal  was  set  at  150  microseconds.  As  a  result,  the 
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BOMB  ELECTRICAL 


Figure  5-  Sectional  View  of  Final  Configuration  for  Transducer  Mounting  Plate 


ptiU|«  ef  the  klut  win  onr  the  first  transduc  r  vas  not  recorded,  nor 
was  the  win  frost  obumd  on  the  streak  fila.  That  delay  vis  shortened 
te  100  aicroseconds  for  the  second  test,  and  adequate  data  were  obtained. 
Second- test  data  are  shown  in  Fit*  6  and  7.  Figure  6  is  a  franing  canera 
sequence  shoving  the  nearly  spherical  blast  wave  propagating  over  the 
transducer  noun  ting  plate  and  Fig.  7  shows  the  pressure  tine  records  dis¬ 
played  on  the  two  oscilloscopes.  The  pressure  scale  noted  there  is  ba^ed 
upon  the  factory-supplied  calibration  for  the  acceleration-conpensated 
transducer. 


The  appearance  of  the  pressure  records  is  excellent.  The  total  tine 
elapsed  froe  the  beginning  of  the  pressure  rise  to  the  peak  pressure  is 
on  the  order  of  3  to  4  aicroseconds,  a  value  that  is  hardly  noticeable 
on  photographs  taken  at  the  90  nicrosec/cn  sweep  rate  used  in  Fig.  7. 
There  is  a  very  ainiaal  indication  of  transducer  ringing  (at  a  resonant 
frequency  of  310,000  cps).  The  indicated  pressure  decay  following  the 
front  of  the  blast  wave  appears  to  be  a  faithful  reproduction. 


Data  reduced  froa  the  two  108-grain  Fentclite  tests  are  tabulated  in 
Table  1,  and,  as  indicated,  loss  of  transit  tiae  and  streak  data  greatly 
liaits  the  usefulness  of  the  first  test.  The  tabulation  for  the  second 
test  is  divided  into  pressure-transducer-derived  and  atreak-photograph- 
derived  information.  Froa  the  blast-wave  transit  tiae  between  the  two 
transducers,  a  wave  velocity  vas  calculated: 
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was  then  substituted  in  the  Rankine-Hugoniot  relation  for  air  shock  waves; 


AP7-io  -  [‘Vio)2  -  lJ  (,) 

to  obtain  a  calculated  value  of  the  shock-wave  overpressure.  This  value 
is  followed  in  the  table  by  the  measured  peak  pressure  at  10  inches  from 
the  charge.  Next  are  listed  the  impulse  per  unit  area  and  the  duration 
of  the  positive  pressure  portion  of  the  record  measured  at  the  10-inch 
station.  The  unit  impulse  vas  obtained  by  planimeter  measurement  of  the 
area  under  the  pressure  record  for  time  <  t  <  (tjQ  +  T  ).  That  is; 
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From  the  streak  record,  wave  velocities  were  reduced  at  8.5  and  10  inches 
from  the  bomb,  and  were  used  to  calculate  peak  shock-wave  overpressure 
by  relations  equivalent  to  Rq.  2  and  3.  The  calculated  value  of  172  psig 
at  8.5  inches  is  approximately  18  percent  below  the  value  of  A  P  calculated 
from  blast-wave  transit  time.  However,  the  8.5-inch  distance  measured  in 
the  slit  plnne  of  the  camera  is  approximately  0.5  inch  farther  (radially) 
from  the  bomb  thnn  the  midpoint  distance  between  the  two  transducers. 
Therefore,  the  "streak"  pressure  should  be  somewhat  below  the  "transducer- 
derived"  pressure,  and  the  agreement  is  believed  to  be  quite  good. 

The  measured  peak  pressures,  A  P  ,  for  the  two  tests  were  only  8  percent 
different  from  each  other,  and  their  values  were  approximately  31  percent 
below  the  streak-velocity -derived  calculated  overpressure  at  10  inches 
(APj^(t'ulc)  =  139  psig).  This  discrepancy  is  believed  to  be  caused  pri¬ 
marily  by  the  inability  of  the  transducer  to  respond  faithfully  and  repro¬ 
duce  the  first  few  microseconds  of  wave  passage.  In  the  following  dis¬ 
cussion,  this  discrepancy  is  further  examined  by  comparing  these  limited 
data  with  those  available  in  the  literature. 
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Transducer  inability  to  measure  the  leading  edges  of  a  steep-fronted  shock 
wave  and  to  measure  peak  pressure  if  the  shock  is  immediately  followed  by 
a  rarefaction  wave  was  recognized  at  the  outset  of  this  program.  It  was 
intended  to  calculate  peak  shock  overpressure  from  velocity  measurements, 
and  to  use  the  pressure  data  of  the  transducer  to  obtain  positive  pressure 
duration  and  unit  impulse.  Aside  from  general  interest  in  how  close  the 
transducer  actually  comes  to  indicating  true  peak  pressure,  primary  interest 
is  in  how  deficiencies  here  affect  the  accuracy  of  unit  impulse  measurement. 

Goodman  (Ref.  1)  compiled  data  on  blast-wave  properties  resulting  from 
detonation  of  50/5 0  Pentolite  charges  of  0.25-pound  and  larger.  He 
reported  that  peak-pressure  data  could  be  correlated  as  a  function  of 
radial  distance,  R,  from  an  explosive  charge  of  weight,  W: 

A  PR  -  f  (R,  Wl/3)  (5) 

His  correlating  line  is  reproduced  in  Fig.  8.  In  the  region  of  interest 
to  this  study,  the  data  were  obtained  with  pressure  transducers,  and 
exhibited  scatter  of  about  ±25  percent. 

Reutenik  and  Lewis  (Ref.  2)  detonated  large  charges  (217  and  12,000  pounds) 
of  both  50/50  Pentolite  and  TNT.  Their  strain-gage  pressure  transducer 
data  lie  substantially  higher  than  Goodman's  curve,  however,  their  data 
had  been  treated  analytically  to  obtain  an  improved  estimate  of  peak 
over-pressure  by  extrapolating  backward  in  time  along  the  pressure-decay 
curve.  Their  correlating  curve  is  also  shown  in  Fig.  8;  values  of  over¬ 
pressure  greater  than  40  psig  were  extrapolated  by  them,  based  on  Goodman's 
data. 

Data  points  from  the  current  two  50/50  Pentolite  tests  are  also  shown 
in  Fig.  8.  It  is  seen  that  the  direct-pressure  transducer  data  agree 
with  Goodman's  correlation,  while  those  derived  from  velocity  data  agree 
with  the  Reuteni*  and  Levis  correlation.  The  implication  of  this  is  that 
the  current  measurements  are  as  good  as  direct-pressure  transducer  measure¬ 
ments  normally  are  found  to  be.  The  data  correction  technique  used  by 
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Figure  8.  Correlation  of  Peak  Pressure  Data  From  Spherical  50  50  Pentolite  Explosions 


Reutenik  and  Lewis  could  not  be  applied  with  precision  to  the  current  data 
because  Rocketdyne  had  both  considerably  higher  amplitudes  and  shorter 
positive  durations. 


Another  factor  demonstratin  that  the  current  transducer  pressure  data 
are  comparable  with  those  of  other  investigators,  is  the  unit  impulse. 

The  measured  values  in  Table  1  are  not  only  less  than  1  percent  different 
from  each  other,  but  their  average  is  only  1.3  percent  higher  than  a  value 
of  3310  psj-microsec  obtained  from  a  unit  impulse  correlation  given  by 
Goodman  (Ref.  1). 

The  error  in  measuring  unit  impulse  is  therefore  believed  to  be  just  that 
resulting  from  the  failure  of  the  transducer  to  reproduce  the  very  steep 
and  very  narrow  leading  edge  of  the  pressure  front.  Consider  the  fol loving 
values: 


Time,  microseconds 


The  area  between  the  dotted  "true"  pressure  curve  and  the  solid  transducer- 
indicated  pressure  curve  is  approximately  320  psi- microsec;  i.e.,  approxi¬ 
mately  9.5  percent  of  the  tabulated  unit  impulse,  and  approxisutely  8.7 
percent  of  the  sum  of  the  tabulated  and  error  values.  If  the  total  indi¬ 
cated  rise  time  were  only  3  microseconds,  these  errors  would  be  reduced 
to  7.1  and  6.5  percent,  respectively. 


Bomb  Design  Parameter  Variations 


Tht  bomb  design  parameters  which  were  varied  were: 

1.  Explosive  charge  weight,  V 

2.  Case  thickness.  T 

'  c 

3.  Charge  length- to-diameter  ratio,  L/D 

4.  Case  material 

3*  Type  of  explosive 

Charge  weights  of  3.5,  13.5,  and  30  grains  were  selected  for  the  cold-flow 
characterisation  studies.  Approximately  equal  intervals  of  In  were 

believed  to  be  desirable  because  in  previous  studies  blast  wave  peak  pres¬ 
sure  and  impulse  had  been  correlated  on  that  basis. 

r>?«b  case  thicknesses  of  0.063,  0.125,  0.230,  and  0.300  inch  were  used. 

It  was  thought  that  this  range  would  certainly  include  the  thinnest  cases 
likely  to  be  used  in  a  hot-firing  program,  and  that  the  range  was  broad 
enough  to  delineate  clearly  the  effect  of  thickness  on  bomb  characteristics. 

Explosive  charge  l/D  ratios  of  1.0  and  4.0  were  selected  as  nominal  design 
values.  Whenever  a  commercial  detonator  constituted  the  entire  charge, 
however,  the  l/D  ratio  had  some  intermediate  value. 

The  bomb  cases  were  made  of  nylon  or  Micarta.  These  materials  have  been 
observed  to  break  up  differently  in  this  application;  nylon  tends  to 
fragsMnt  into  SMderstely  large  chunks,  while  Micarta  tends  to  fragment 
into  lighter  weight  shreds  characteristic  of  the  cloth  matrix. 

High  explosive  charges  were  used  for  the  majority  of  the  bombs  fired. 

The  design  details  are  listed  in  Tsble  2,  which  shows  that  three  differ¬ 
ent  kinds  of  high  explosive  were  used:  PETN,  RDX,  and  Cosq>osition  C-4 
plastic  explosive.  RDX  and  PETN  have  been  found  to  produce  nearly  identi¬ 
cal  air-shock  characteristics  (Ref.  3).  With  similar  confinement,  Compo¬ 
sition  C-4  is  equally  as  brissant  and  energetic  as  PETN;  hence,  it  was 
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Dot  anticipated  that  the  uae  of  different  high  explosives  would  influence 
the  characteristics.  Composition  C-4  was  selected  mainly  because  of  its 
plastic  properties,  i.e.,  it  is  easier  to  handle  than  granular  explosives, 
and  hazardous  spills  and  loss  of  a  portion  of  a  weighed  charge  during  bomb 
loading  a re  less  likely  to  occur.  The  bombs  were  assembled  as  sketched 
in  Fig.  9*  with  the  initiating  detonator  either  constituting  the  entire 
charge  or  partially  immersed  in  the  base  charge.  For  L/D  ratio  purposes, 
the  equivalent  charge  length  was  calculated  as: 


where  subscripts  b  and  d  denote  base  and  detonator  charges,  respectively. 

A  amall  amount  of  foamed  polyurethane  packing  was  inserted  in  the  open  end 
of  the  case  to  keep  the  detonator  in  place. 

A  series  of  tests  was  made  with  the  high  explosive  replaced  by  Hercules 
Bullseye  No.  2  (a  fast-burning,  double-base  pistol  powder)  which  was 
selected  because  of  its  previous  history  of  use  in  stability- rating 
pulse  guns.  Explosion  of  the  powder  was  initiated  by  a  miniature  electric 
match  containing  1.5  grains  of  pyrotechnic,  which  is  little  more  than  a 
source  of  heat  for  igniting  the  powder  charge.  The  entire  charge  weight 
was  thus  pistol  powder.  Rather  than  redesign  the  bomb  cases  to  account 
for  the  lower  density  of  the  pistol  powder  than  that  of  the  Composition 
C-4,  the  same  cases  were  used,  and  the  L/D  ratio  was  allowed  to  vary. 

Bomb  design  details  are  listed  in  Table  5.  The  number  of  tests  conducted 
with  each  bomb  design  are  also  indicated. 

Experimental  Results 

Three  kinds  of  raw  data  were  obtained  from  open-air  bomb  explosions; 

(l)  framing  shadowgraph  sequences,  (2)  streak  shadowgraph  sequences,  and 
(3)  pressure  records;  all  were  recorded  directly  at  test  time  on  3-  by 
4-inch  Polaroid  prints.  In  this  section,  examples  of  the  raw  data  and 


Electric 

Detonator 


a.  Electric  Detonator  as  the  Entire  Explosive  Charge 


b.  Electric  Detonator  for  Initiation  of  a 
High-Explosive  Dase  Charge 


Figure  9.  Typical  Explosive  Dumb  Assemblies 


already  been  given,  Fig.  6,  for  a  50/50  Pentolite  charge.  The  uncomplicated 
propagation  of  a  nearly  spherical  blast  wave  over  the  transducer  mounting 
plate  shown  there  is  considerably  more  distinct  (because  the  charge  is 
larger  and  bare)  than  similar  records  with  bombs.  The  blast  wave  is  also 
more  cleanly  separated  from  the  explosion  products  because  there  was  no 
case  debris  thrown  ahead  of  the  explosion  products.  Nevertheless,  Fig.  6 
does  present  a  typical  picture  of  the  blast-wave-mounting  plate  interaction. 

No  direct  quantitative  data  were  taken  from  the  framing  shadowgraphs.  They 
were  used  principally  for  indications  of  unusual  occurrences  that  might 
invalidate  the  data,  and  for  auxiliary,  blast-wave,  position-time  informa¬ 
tion  in  instances  where  case-particle  impacts  near  a  transducer  made  it 
difficult  to  determine  when  the  blast  wave  crossed  that  transducer. 

Streak  Photographs.  Streak  shadowgraphs  were  obtained  simultaneously  with 
the  framing  shadowgraph  sequences.  In  those  taken  in  the  neighborhood  of 
the  transducer  mounting  plate,  the  blast  waves  were  usually  distinguishable 
on  the  original  prints,  but  sometimes  juBt  barely.  The  method  of  data 
reduction  was  identical  to  that  for  the  streak  photographs  taken  with 
bombs  in  the  field  of  view,  described  below, 

A  direct  streak  photograph  of  a  bomb  detonation  ,is  reproduced  in  Fig.  10. 

It  was  token  by  aligning  the  camera  so  that  its  internal  slit  viewed  a 
10-inch-long  by  about  0.020-inch-wide  field  normal  to  the  axial  center- 
line  of  the  bomb.  The  bomb  was  backlighted  (Fig.  1)  so  that  its  diareter 
formed  a  dark  shadow  near  the  center  of  the  camera's  field  of  view,  which 
extends  upward  in  time  from  the  bottom  of  the  photograph  in  Fig.  10.  The 
thin,  dark  lines  parallel  with  that  bomb  image  are  1.00-inch  grid 


marks  (and  some  scratches  from  previous  tests)  on  the  l/4-inch-thick 
Plexiglas  fragment  shield  for  the  backlighting  apparatus. 

Detonation  of  the  bomb  resulted  in  simultaneous  radial  propagation  of  a 
blast  wave,  case  debris,  and  explosion  products.  At  that  time,  tbe  back¬ 
lighted  image  of  the  bomb  on  the  streak  photograph  was  replaced  by  their 
cumulative  backlighted  images.  The  slope  of  the  edge  of  an  image  is 
proportional  to  the  velocity  of  the  material  that  made  the  image.  Most 
of  the  dark  "fan"  on  the  photograph  ia  from  case  debris  and  explosion 
products.  In  most  cases,  the  shock  trace  quickly  separated  from  and  led 
the  material  flow.  The  slope  of  the  shock  trace  then  is  proportional  to 
the  shock  velocity. 

These  particular  photographs  were  taken  to  obtain  initial  velocities  of 
the  shock  waves.  With  moderately  large  charges,  the  initial  wave  is 
readily  distinguishable  on  such  a  record;  as  the  charge  weight  in  reduced 
and  the  bomb  case  becomes  proportionately  more  massive,  the  initial  shock 
wave  becomes  more  and  more  difficult  to  identify.  Many  times  during  these 
experiments,  the  only  direct  evidence  of  the  initial  shock  was  a  diffrac¬ 
tion  of  the  grid  line  images  as  it  passed  over  them.  For  that  reason, 
each  photograph  was  examined  carefully  with  a  stereoscopic  microscope, 
and  each  shred  of  evidence  of  the  passage  of  the  initial  wave  was  care¬ 
fully  marked  with  a  sharp  stylus.  These  marks  were  subsequently  used  as 
the  basis  for  constructing  a  line  tangent  to  the  initial  shock  wave  at 
the  instant  of  bomb  rupture.  The  slope  of  the  tangent  line  was  converted 
to  initial  shock  velocity. 

Two  values  of  initial  shock  velocity  were  obtained  from  each  bomb  firing, 
one  from  the  right  side  rad  another  from  tbe  left  side  of  the  streak 
photograph.  Usually,  the  bomb  was  not  centered  in  the  photograph,  but 
was  offset  to  the  left.  The  left-  and  right-hand  velocities  generally 
agreed  within  about  5  to  10  percent  of  each  other.  In  cases  of  wide 
disparity  between  them,  it  is  believed  that  the  right-hand  side  should  be 
preferred.  This  is  because  fragments  may  have  initial  velocities  higher 
than  the  initial  shock  velocity,  so  that  discrimination  of  the  shock 


very  soon  after  detonation  ie  not  a*  reliable  aa  it  ia  at  later  tinea; 
the  right-hand  aide  haa  a  longer  tine  period  through  which  to  exaninc  the 
photograph  and  extrapolate  backward  to  the  instant  of  detonation. 

Blast-ware  overpressure  waa  calculated  for  each  value  of  wave  velocity 
by  aeans  of  Eq.  (?)  and  (3). 

Transducer-Measured  Pressures.  A  few  examples  of  typical  pressure  records 
obtained  with  the  acceleration-compensated  Kistler  Model  603A  located 
10  inches  fron  high-explosive,  nylon-case  bonbs  are  shown  in  Fig.  11. 
Measurenect  difficulties  imposed  by  the  shower  of  bomb-case  fragments 
attending  the  blast  lave  are  apparent;  each  pressure  trace  had  from  a  few 
to  many  spurious  signals  superimposed  on  the  "real"  pressure  histories. 
Their  interpretation  as  fragment  impacts  on  or  near  the  transducer  was 
supported  by  observations  of  cratering  in  the  RTV  rubber  potting  around 
the  transducers  and  of  occasional  complete  obscuration  of  the  shock  front 
on  the  streak  photographs  by  particles  traveling  both  ahead  of  and  behind 
the  front.  Such  loss  of  data  made  it  necessary  to  run  a  large  number  of 
replicate  tests;  as  seen  in  Table  2,  a  total  of  73  bombs  was  fired  to 
accomplish  characterization  for  20  high-explosive,  nylon-case  configura¬ 
tions. 

Several  examples  of  pressure  data  obtained  with  high-explosive,  Micarta- 
case  bombs  are  shown  in  Fig.  12.  The  pressure  traces  were  considerably 
less  complicated  by  spurious  signals  from  particle  impact  than  had  been 
experienced  with  nylon  cases.  This  beneficial  result,  probably  caused 
by  the  tendency  of  the  Mi  carta  bomb  to  fragment  into  shreds  rather  than 
chunks,  may  be  an  important  effec*  to  consider  in  selecting  bombs  for 
rating  engines  which  have  potentially  delicate  chamber  components. 

Pressure  records  from  low-explosive,  nylon-case  bomb  explosions  are  shown 
in  Fig.  13.  Here  again,  there  were  fever  difficulties  with  case-fragment 
impacts  giving  spurious  pressure  signals;  this  was  a  result  of  the  explo¬ 
sion  having  been  less  brissant  than  with  high  explosives.  With  0.063-incb- 
thick  cases,  however,  the  pressure  records  were  considerably  different 
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Figure  13.  Some  Examples  of  Pressure  Records  From  Explosion  of 
Lov-Explosire,  Nylon-Case  Bombs 


than  any  that  had  been  obeerred  with  previous  bombs.  There  were  frequently 
two  pressure  waves  (and  twice  there  were  three)  spaced  at  irreproducible 
time  intervals.  The  first  wave  was  steep  fronted  and  sometimes  had  only 
a  moderate  amplitude;  it  apparently  resulted  fron  case  rupture  prior  to 
complete  burning  of  the  powder.  The  second  wave  waa  less  steep  and  had 
a  peak  amplitude  that  is  probably  related  to  charge  weight  and  its  tisie 
ef  appearance  after  the  initial  wave.  Two  of  the  records  appeared  remark¬ 
ably  similar  to  pressure  records  obtained  with  pressure  transducers  in 
the  barrel  of  the  pulse  gun,  which  are  discussed  later.  With  0.250-  and 
0.500-incb-thick  cases,  the  pressure  traces  had  an  appearance  much  like 
those  from  high-explosive  charges.  It  was  initially  thought  that  these 
charges  were  so  well  confined  that  a  high  deflagration  rate  was  achieved, 
and  the  powder  was  essentially  consumed  prior  to  case  disintegration.  As 
is  noted  later  in  the  correlation  of  these  low-explosive  data,  the  fact 
that  pressure  amplitudes  increased  with  increasing  case  thickness  (as 
contrasted  with  the  opposite  effect  with  high  explosives)  belies  such  a 
cone lusion. 

The  pressure  record  photographs  were  analyzed  to  obtain  direct-measured 
values  of  peak  overpressure ,  positive  unit  impulse,  and  positive  duration 
of  the  blast  wave.  Additionally,  the  txansit  tine  for  wave  travel  between 
the  two  transducers  gave  an  average  wave  velocity  fron  which  an  overpres¬ 
sure  was  calculated. 


Data  Tabulations.  A  complete  tabulation  of  the  data  concerning  the  initial 
blast  wave  near  high-explosive,  nylon-case  bombs  is  given  in  Table  k. 

These  data  are  from  the  streak  photographic  records;  no  pressure  transducer 
data  were  recorded  during  these  experiments.  Data  concerning  the  blast 
wave  in  the  neighborhood  of  the  pressure  transducers  are  tabulated  in 
Table  5  for  the  high-explosive,  nylon-case  bori>s,  in  Table  6  for  the  high- 
explosive,  Mi  carta -case  bombs ,  and  in  Table  7  for  the  low-explosive,  nylon- 
case  bombs.  The  time  increment  from  electrical  fire  signal  to  actual  rup¬ 
ture  of  the  nylon  case  was  not  as  reproducible  with  low  explosives  as  it 
had  been  with  high  explosives.  The  variability  was  several  times  the 
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TABLE  6 

AIR  BLAST  WAVE  DATA  (HIGH- EXPLOSIVE,  MI  CARTA-CASE  SHIIES) 


Bomb 

Code 

Number 

Charge 
Weight , 
Grains 

Charge 

L/D 

Ratio 

Case 

Thickness , 
inches 

Data  Derived  From  Pressure  ^ 

7-  to  10-inch  Transit 

Time  Information  j 

A  Time  (7 
to  10  Inches), 
microsec 

Velocity, 

in./microsec 

Mach 

Number 

Overpressure ,  1 

psig  :  j 

5 

5 

.5 

1.3 

0.063 

179.7 

0.0167 

1.227 

8.2 

* 

177.5 

0.0169 

1.243 

8.8  I 

175-2 

0.0171 

1.259 

9.4  1 

# 

172.9 

0.0174 

1.276 

10.0  1 

.* 

1 

— 

— 

— 

I 

14 

0.250 

176.8 

0.0170 

1.247 

9.0  I 

155.0 

0.0194 

1.423 

16.4  I 

# 

153.4 

0.0196 

1.438 

17  • 2  y 

152.1 

0.0197 

1.450 

17.7  n 

▼* 

\ 

▼ 

150.4 

0.0199 

1.466 

18.5  ;*| 

4 

13.5 

2. 

7 

0.063 

100.0 

0.0300 

2.206 

62.5  J 

1. 

0 

0.063 

i 

113.0 

0.0265 

1.952 

45.2  J 

J 

98.5 

0.0303 

2.239 

64.9  1 

12 

13.5 

2.7 

0.250 

121.7 

0.0247 

1.813 

36.8  1 

1.0 

1 

136.2 

0.0220 

1.619 

26.1  |l 

1 

i 

r 

142.0 

0.0211 

1.553 

22.7  1 

1 

50 

0.063 

105.8 

0.0284 

2.085 

54.0  J 

82.6 

0.0363 

2.670 

99.2  1 

82.6 

0.0363 

2.670 

99.2  | 

K- 

1 

82.7 

0.0363 

2.670 

99.2  | 

13 

0.250 

124.6 

0.0241 

1.770 

34.4  fl 

1 

I 

137.7 

0.0218 

1.602 

25.2  fl 

i 

) 

1 

f 

143.5 

0.0209 

1.537 

22.0  ■ 

16 

50 

4. 

0 

0.250 

115.9 

0.0259 

1.903 

42.2  fl 

Lj 

50 

4. 

0 

0.063 

92.7 

0.0324 

2.379 

75.4  9 

*Rovs  marked  with  on  asterisk  are  data  obtained  with  a  second  oscilloscope  simultaneously  with 


■  TABLE  6 

■ST  WAVE  DATA  (HIGH-EXPLOSIVE,  MICARTA-CASE  SFJIIES) 


{ 

Data  Derived  From  Pressure 

Transducers 

|  7-  to  10-inch  Transit 

Time  Information 

a« 

Measured 

Positive 

Unit 

cnsg 

Velocity, 

Mach 

Overpressure , 

Overpressure , 

Duration, 

Impulse 

in. /microsec 

Number 

P«ig 

P*i* 

microsec 

psi-microsec 

'.7 

0.0167 

jffgl 

8.2 

7.5 

199 

415 

.5 

0.0169 

Wmk 

8.8 

7.8 

196 

428 

.2 

0.0171 

mWm 

9.4 

7.7 

— 

.9 

0.0174 

HI 

8.1 

233 

430 

- 

— 

— 

— 

6.3 

J  It 

170 

420 

>.8 

0.0170 

1.247 

9.0 

9.0 

163 

_ 

0.0194 

1.423 

16.4 

10.6 

166 

350 

(.4 

0.0196 

1.438 

17.2 

10.5 

161 

341 

E'1 

0.0197 

1.450 

17.7 

10.0 

179 

328 

r 

0.0199 

1.466 

18.5 

10.2 

179 

363 

L.o 

0.0500 

2.206 

62.5 

20.5 

199 

_ 

1 

0.0265 

1.952 

45.2 

16.9 

183 

934 

> 

— 

— 

— 

18.5 

169 

— 

1.5 

0.0305 

2.239 

64.9 

20.2 

179 

901 

1.7 

0.0247 

1.813 

36.8 

13.5 

194 

642 

>.2 

1.619 

26.1 

18.6 

173 

522 

0.0211 

1.553 

22.7 

14.6 

170 

541 

5-8 

0.0284 

2.085 

54.0 

31.5 

184 

1436 

2.6 

0.0363 

2.670 

99.2 

35.8 

210 

1759 

2.6 

0.0363 

2.670 

99.2 

>40 

179 

— 

2.7 

0.0363 

2.670 

99.2 

55. 1 

179 

2280 

k.6 

0.0241 

1.770 

34.4 

23.5 

144 

1109 

7.7 

0.0218 

1.602 

25.2 

21.8 

171 

1057 

5.5 

0.0209 

1.537 

22.0 

22.9 

176 

980 

5.9 

0.0259 

1.903 

42.2 

34.3 

150 

1297 

r 0 

fc.7 

0.0324 

2.379 

75.4 

30.6 

186 

1933 

vith  a  second  oscilloscope  simultaneously  with  the  data  in  the  preceding  row. 


Bomb  Charge 
Code  Weight 
Number  Crains 


16IIB  50 

1  I 


Case  Charge 

Thickness,  L/D 

Inches  Ratio 


0.250 

» 


0.500 

1 


Datn  Derived  From  Pressure  Tran 


7-  to  10-inch  Transit  Time  Information 


Overpressure , 
psig 


\ 


TABUS  7 

BUST  WAVE  DATA  (LOW  EXPLOSIVE,  NYLON  CASE  SFPIfS) 


Data  Derived  Froa  Pressure  Transducers 


i  7-  to  10-inch  Transit 

Tiae  Information 

Measured 
Overpressure , 
P*ig 

Positive 

Duration, 

microsec 

Unit 

Impulse 

psi-microsec 

hfims  (7 

10  Inches), 
■dcrosec 

Velocity 

in./aicrosec 

Mach 

Number 

Overpressure , 
P»ig 

149 

0.02013 

1.480 

19.2 

13.5 

186 

910 

160 

0.01875 

1.379 

14.4 

9.9 

172 

656 

189 

0.01587 

1.167 

5.8 

4.4 

182 

383 

186 

0.01612 

1.185 

6.5 

5.2 

224 

364 

182 

0.01648 

1.212 

7.5 

5.3 

223 

395 

186 

0.01612 

1.185 

6.5 

4.3 

203 

323 

185 

0.01639 

1.205 

7.3 

4.3 

199 

362 

146 

0.02054 

1.510 

20.6 

19.2 

199 

1410 

162 

0.01851 

1.361 

13.7 

27.6 

193 

1640 

190 

0.01578 

1.160 

5.5 

4.2 

182 

290 

181 

0.01604 

1.179 

6.3 

4.3 

182 

297 

183 

0.01639 

1.205 

7-3 

4.3 

150 

274 

179 

0.01675 

1.232 

8.4 

4.4 

158 

270 

167 

0.01796 

1.321 

12.0 

9.0 

204 

710 

202 

0.01485 

1.092 

3-1 

2.5 

179 

195 

199 

0.01507 

1.108 

3.7 

2.0 

205 

171 

194 

0.01546 

1.137 

4.7 

3.7 

167 

273 

196 

0.01530 

1.125 

4.3 

2.4 

208 

225 

200 

0.01500 

1.103 

3.5 

1.3 

160 

87.5 

197 

0.01522 

1.119 

4.1 

2.3 

302 

168 

152 

0.01973 

1.451 

17.8 

>8.0 

188 

Off  Scale 

164 

0.01829 

1.345 

13.0 

8.6 

195 

591 

161 

0.01863 

1.370 

14.1 

8.6 

197 

593 

168 

0.01785 

1.313 

11.7 

7.6 

189 

538 

164 

0.01829 

1.345 

13.0 

7.9 

191 

563 

171 

0.01754 

1.290 

10.7 

6.6 

195 

460 

167 

0.01796 

1.321 

12.0 

6.8 

195 

476 

171 

0.01754 

1.290 

10.7 

8.3 

182 

505 

167 

0.01706 

1.321 

12.0 

8.7 

182 

521 

ained  with  a  second  oscilloscope  simultaneously  with  that  in  the  preceding  row. 


approximate  100-microsecond  duration  of  a  streak  film  record;  therefore, 
after  several  attempts,  streak  photography  was  abandoned  and  only  pres¬ 
sure  transducer  data  were  taken.  Streak  photography  was  then  also  omitted 
from  the  high-explosive,  Micarta-case  experiments  so  that  a  larger  number 
might  be  fired. 


Data  Correlations 

Correlating  Method.  The  experimental  data  were  analyzed  to  establish  corre¬ 
lations  between  individual  output  characteristics  and  the  bomb  input  para¬ 
meters.  The  multiple  regression  correlating  techniques  used  are  suimnarized 
in  Appendix  A. 


Responses  Considered  for  Characterization.  The  output  parameters  which  were 
considered  in  characterizing  the  bomb  were  positive  duration,  positive  im¬ 
pulse,  and  peak  pressure.  Positive  duration  is  the  time  duration  of  over¬ 
pressure;  i.e.,  the  time  interval  between  the  first  indication  of  a  pressure 
rise  and  the  instant  that  the  pressure  next  falls  below  its  initial  level. 
For  each  test,  unit  positive  impulse  was  obtained  by  integrating  the  pres¬ 
sure  time  curve,  using  a  planimeter  or  photographic  records  such  as  those 
in  Fig.  11  through  13.  The  time  base  used  was  the  positive  duration  (Eq.  4). 
Peak  pressure  data  may  be  obtained  directly  from  the  pressure  traces,  but 
the  pressures  derived  from  wave  velocity  data  were  believed  to  be  more 
accurate  and  were  the  ones  correlated. 


Positive  Duration.  The  positive  duration  developed  as  being  of  little 
value  in  the  characterization.  From  the  raw  data  it  appeared  that  posi¬ 
tive  duration  did  not  vary  significantly  over  the  range  of  input  parameters 
(explosive  weight,  explosive  shape,  and  case  thickness).  Actually,  a  weak 
correlation  (multiple  correlation  coefficient  of  0.6)  with  charge  weight 
was  found: 


In  T  =  4.97  +  0.064  In  V 
+ 


(7) 
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vhin  is  positive  duration  in  microseconds  measured  10.0  inches  fron 
the  bosdi  centerline  and  V  ia  charge  weight  in  grains.  Fron  this  fitted 
aquation,  the  average  durations  for  charge  weights  of  5.5,  13.5,  and  90 
grains  are,  respectively,  161,  171,  and  186  Microseconds. 

Unit  Positive  Inpalse.  Conversely,  the  unit  positive  inpulse  was  very  well 
correlated  to  the  bonb  parameters  for  characterising  the  boob  data.  Not 
only  are  these  data  nore  repeatable,  but  also  nost  of  the  variation  in  in¬ 
pulse  can  be  explained  in  terns  of  the  input  paraneters.  A  model  for  high- 
exploaive,  nylon-case  bonbs  was  obtained  which  had  a  multiple  correlation 
coefficient  of  0.996,  thus,  the  nodel  accounts  for  nore  than  99  percent  of 
the  variation  in  iaqmlse.  Further ,  all  three  input  parameters  were  signifi¬ 
cant  in  deacribing  inpulse.  Case  Material  was  found  not  to  be  significant 
when  Mi  carta  was  used  in  place  of  nylon;  thus  the  following  single  model 
can  be  used  for  high-explosive  charges  encased  with  either  naterial: 

In  I  -  3.62  +  1.04  In  V  -  0.074  (in  V)2  -  0.353  In  T  +  (8) 

U.  C 

0.112  In  (i/D) 

In  this  nodel,  Iu  is  unit  positive  iaqwlse,  Measured  in  psi-microseconds 
at  a  location  10.00  inches  from  the  bonb  centerline;  V,  charge  weight  in 
grains;  Tc ,  the  case  thickness  in  inches;  and  L/D,  the  shape  factor. 

The  error  in  unit  positive  impulse  is  about  8  percent  as  measured  by  the 
residual  standard  deviation  (see  Appendix  A). 

It  should  be  noted  that  the  tern  (in  W)  is  included  in  the  correlation 
to  account  for  a  slight  nonlinearity  in  the  effect  of  bonb  weight.  Be- 
cause  such  a  tern  is  included,  the  correlating  equation  cannot  be  used  to 
infer  what  would  happen  for  charge  weights  much  larger  than  the  90-grain 
sise  used  in  this  prograa.  For  larger  weights,  the  square  term  becomes 
doainant  to  give  unreasonably  low  predictions. 
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The  data  points  correlated  are  shown  in  Fig.  14  together  with  correlating 
lines  from  Eq.  (8).  The  effect  of  case  thickness,  while  not  as  great  as 
that  of  weight  over  the  range  of  variation  considered  for  each  variable, 
is  still  appreciable. 

In  the  bomb  data  analyzed,  the  variable  weight  and  case  thickness  appear 
to  be  independent  in  their  effects  on  unit  inpulse.  That  is,  the  effect 
of  thickness  is  apparently  the  sane  for  each  charge  weight  (and  rise  versa). 
Sinilarly,  there  is  no  apparant  interaction  of  shape  and  case  thickness  or 
of  charge  veight  and  shape. 

When  the  high  explosive  was  replaced  by  the  low-explosive  Hercules  Bullseye 
No.  2  powder,  quite  different  effects  were  observed.  The  nodel  for  unit 
inpulse  becane: 

In  Iu  -  6.08  +  0.560  In  V  ♦  0.777  In  Tfi  -  0.152  (in  l/D)2  (9) 

It  is  of  the  sane  general  font  as  the  nodel  for  high  explosives,  but  the 
signs  of  two  of  the  terns  have  been  reversed.  The  nost  significant  reversal 
is  that,  with  piatol  powder,  the  iapulse  increased,  rather  than  decreased, 
with  case  thickness.  Rirther,  the  effect  of  weight  is  sonewhat  less  impor¬ 
tant  than  that  of  case  thickness.  These  reversals  offer  positive  evidence 
that  low-explosive  bonb  output  characteristics  are  predominantly  controlled 
by  the  parameters  that  control  case  rupture.  This  is  further  substantiated 
by  the  observed  secondary  pressure  waves  (Fig.  13)  which  apparently  resulted 
fron  continued  burning  of  residual  explosive  after  case  breakage.  Although 
data  were  not  obtained  with  low-explosive,  Micarta-case  bonbs,  such  a 
change  in  case  material  with  this  explosive  should  be  expected  to  have  a 
strong  influence  on  the  output  characteristics. 

The  error  in  the  fit  for  the  low-explosive  bonbs  was  only  slightly  greater 
than  for  high-explosive  bonbs,  being  about  13  percent.  The  increase  can 
be  attributed  to  the  fact  that  there  are  fever  data  in  the  analysis.  For 
simplicity  of  analysis,  all  raw  unit-inpulse  data  fron  bonbs  of  the  sane 
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BOMB  CASE  THICKNESS,  INCH 

Correlation  of  Unit  Impulse  Measured  10.00  Inches 
From  Cylindrical  High-Explosive,  ffylon-Ccse  Bombs 


configuration  were  averaged  before  the  correlation*  were  computed.  Thu*, 
the  In  I  wa*  the  logarithm  of  the  average,  not  the  average  of  the  loga¬ 
rithm*.  It  i*  not  expected  that  thi*  procedure  ha*  any  significant  effect 
on  the  value*  of  the  coefficient*  obtained.  Since  the  number*  of  observa¬ 
tion*  on  the  bomb*  of  various  configuration*  varied  somewhat  (last  column* 
of  Tables  2  and  3),  some  of  the  data  included  in  the  analysis  were  more 
■table  than  other*,  being  average*  of  a  greater  number  of  raw  observation*. 
While  a  more  rigorous  analysis  would  take  these  differences  into  account, 
it  was  not  felt  that  the  improved  precision  of  the  results  was  worth  the 
added  expense  and  trouble  of  analyzing  all  the  data  separately.  This  pro¬ 
cedure  does  not  affect  the  average  accuracy  of  the  results. 


Peak  Pressure.  There  are  four  kinds  of  peak  pressure  duia  that  have 
been  obtained  from  these  experiments: 

) 

1.  Direct-pressure  transducer  data  obtained  with  a  Kistler  Model 
603A  transducer,  located  10.00  inches  from  the  bosd>  centerlines 

2.  Pressure  calculated  from  an  average  blast^wave  velocity  as  de¬ 
termined  by  measuring  its  transit  time  between  two  pressure 
transducers,  located  7*00  and  10.00  inches  from  the  bombs, 
respectively 

3.  Pressure*  calculated  from  local  blast-wave  velocity  as  determined 
by  streak  photography 

a.  In  the  neighborhood  of  the  bosd>s 

b.  In  the  neighborhood  of  the  transducers 

A*  indicated  earlier,  the  direct-pressure  transducer  measurements  are 
believed  to  provide  valid  indications  of  unit  impulse,  positive  duration, 
and  wave  shape,  and  yet  give  the  least  reliable  measure  of  peak  pressure. 
The  other  methods  for  obtaining  peak  pressures  are  all  based  on  calculating 
■hock-wave  overpressure  from  wave  velocity  data.  The  correlation  of  peak 
pressure  was  attacked,  therefore,  through  a  correlation  of  wave  velocity., 
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Ths  blast-wave  Telocity  data  were  obtained  at  variona  distances  from  the 
bombs.  Since  tine  from  detonation  and  distance  from  the  bomb  are  related 
through  the  ware  Telocity,  either  time  or  distance  may  be  used  in  the 
correlation.  It  vas  thought  to  be  reasonable  that  the  wave  velocity 
•ould  decay  exponentially  with  time  and  in  a  more  complicated  manner  with 
distance.  Time  vas  selected,  therefore,  as  the  correlating  variable. 

Correlating  models  of  the  form 

(«0)0  -  A  «*Tcb  U/D)C  (10) 

for  the  initial  wave  velocity,  and 

°.  ■  “»  [»  wd  Tce  *]  (“) 

for  the  data  in  the  neighborhood  of  the  transducers,  were  attempted.  The 
model  for  initial  rave  velocity  gave: 

in  (c  )  -  -4.507  +  0.186  In  V  -  0.557  In  Tc  (12) 

No  significant  effect  of  the  charge  shape  factor  (i/D  ratio)  was  found. 
Curves  of  initial  shock-wave  over  pressure,  calculated  from  velocities 
derived  from  this  equation,  are  shown  in  Fig.  15  with  the  individual, 
velocity-derived,  initial-overpressure  data  points.  This  graph  employs 
a  semi-logarithmic  scale,  rather  than  the  log-log  scale  which  would  be 
more  appropriate  for  the  correlating  equation,  so  as  to  show  that  the  data 
can  very  reasonably  be  extrapolated  to  the  value  of  overpressure  given  in 
the  literature  for  bare  charges  of  50/50  Pentolite.  It  is  seen  that  a  con¬ 
fining  case  around  the  charge  greatly  decreases  the  initial-shock-vave 
amplitude.  The  reduction  is  nearly  an  order  of  magnitude  even  for  the 
thin  case  of  the  Olin  Plasticap  5« 5-grain  detonator.  This  effect  is  ob¬ 
viously  lessened  by  increasing  charge  weight,  but,  within  the  charge  sizes 
of  interest  in  stability  rating,  it  is  a  very  strong  effect. 
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SHOCK  WAVE  OVERPR 


The  model  for  exponential  decay  of  blast-wave  amplitude,  Eq.  ( 1 1 ) ,  did  not 
yield  satisfactory  correlations.  A  more  complex  model,  employing  quadratic 
terms,  vas  found  to  correlate  the  data  veil;  the  error  in  velocity  was 
about  8  percent  as  indicated  by  the  residual  standard  deviation.  This 
model,  however,  required  a  variable  constant  whose  value  depended  upon  the 
method  or  position  of  data  acquisition: 

In  oB  -  constant  ♦  5.21  t  -  4.82  t2  +  0.186  In  W  - 

1.05  t2  In  V  -  0.557  In  T  +  1.86  t  In  T  - 

c  c 

1.19  t2  In  T  (13) 

c 

where  t  is  measured  in  milliseconds  and  velocity  in  in. /microsec.  The 
constant  term  which  depends  on  the  type  of  measurement  involved,  is  as 
follows: 

-  5.286  for  streak  photograph  data  taken  in  vicinity  of 

transducer 

-  5.397  for  transducer  transit-time  velocities 

-  4.507  for  streak  photograph  data  taken  in  vicinity  of  bomb. 

No  significant  effect  of  the  shape  factor  i/D  vas  found.  The  quadratic 
terms  in  time  were  used  to  account  for  what  are  probably  asymptotic  effects, 
such  aa  the  wave  velocity  approaching  the  sound  velocity  as  time  increases. 

While  the  correlation  of  the  data  by  the  model  of  Eq.  ( 13)  was  quite  good 
(9.0  percent  error  based  on  the  standard  deviation) ,  the  need  for  a  variable 
constant  is  not  particularly  satisfying.  It  is  of  interest  to  note  that 
the  evo  values  of  this  constant  which  correlated  the  'ata  from  the  neighbor¬ 
hood  of  the  transducers  were  in  essential  agreement,  giving  velocities 
that  differed  by  about  12  percent  [exp  (5.397  -  5.286)  -l]. 


Conversely,  the  Bean  value  of  those  constants,  inserted  in  Eq.  (13)  with 
t  =  0,  gives  velocities  that  are  saaller  by  a  factor  of  2.3  [exp  (3*341  - 
4.307)1  than  those  given  by  Eq.  (12).  This  large  disparity  might  partially 
be  attributed  to  the  fact  that  the  data  were  obtained  from  two  sets  of 
experiments  (Table  4  and  5)i  but  is  more  likely  a  result  of  the  data  having 
been  obtained  in  two  discrete  spatial  groupings,  one  at  the  bomb  surface, 
and  the  other  in  the  interval  of  3  to  10  incher  from  the  surface,  with  no 
intermediate  points  to  bridge  the  gap. 

The  lack  of  intermediate  data  is  made  clearly  evident  by  plotting  the  data 
on  an  overpressure  vs  reduced  distance  basis,  such  as  that  used  earlier  to 
show  that  the  instrumentation  system  gave  peak-pressure  data  in  agreement 
with  other  investigators’  results  (Fig.  8).  In  Fig.  16,  a  separate  graph 
is  given  for  each  of  the  three  charge  weights  tested.  The  heavy,  solid  line 
that  sweeps  down  to  the  right  across  each  graph  is  the  mean  correlating  line 
of  Goodman  (Ref.  1),  and  the  heavy,  dashed  line  is  that  of  Ruetenik  and 
Lewis  (Ref.  2)  for  large,  bare  high-explosive  charges.  As  discussed  earlier, 
small  bare  charges  of  30/30  Pentolite  gave  direct  transducer  peak  pres¬ 
sures  that  agreed  with  Goodman’s  correlation  and  wave-velocity-derived 
pressures  that  agreed  with  Reutenik  and  Lewis'. 

All  three  sets  of  velocity-derived  data  for  nylon-case  bombs  are  plotted 
in  Fig.  16.  The  initial-shock-wave  amplitude  data  appear  at  low  values 
of  reduced  distance,  i.e.,  the  outer  radius  of  the  case  divided  by  the 
cube  root  of  the  charge  weight  for  those  data.  It  is  noted  that  this 
convention  forces  data  for  a  high  l/D  ratio  to  move  to  the  left  of  data 
for  a  low  L/D  ratio.  Data  obtained  by  transducer  transit  time  and  streak 
photography  near  the  transducers  appear  at  high  values  of  reduced  distance, 
and  are  indistinguishable  from  cne  another. 

The  strong  attenuating  effect  that  the  presence  of  a  confining  case  has 
on  the  initial-shock-wave  overpressure  is  again  seen.  In  some  cases, 
the  plotted  initial-shock  values  are  as  much  as  two  orders  of  magnitude 
lower  than  Goodman's  correlation.  As  compared  with  Fig.  13,  this  type 
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of  plot  coats  reasonably  close  to  permitting  *  single  correlating  line  for 
all  of  the  initial-shock -ware  amplitude  data.  If  one  assumes  a  single 
straight  line,  its  equation  would  be  of  the  fora 

In  Pj  »  a  -  b  In  Z  (14) 

or,  substituting  for  Z, 

In  Pj  ■  a  ♦  l/3  b  In  V  -  b  In  R  (15) 

Recognising  a  correspondence  of  to  (ca)Q  and  of  R  to  Tc,  it  is  interesting 
to  compare  this  expression  with  Eq.  12,  and  note  the  precise  agreement  of 
the  coefficients  of  the  logarithmic  terms. 

Somewhat  arbitrary  dashed  lines  have  been  sketched  in  Fig.  16  to  connect 
data  points  from  similar  boaribs.  The  shapes  of  these  connecting  lines  were 
suggested  by  one  set  of  streak-velocity-derived  data  from  a  single  bare 
13.3-grain,  plastic-cased  detonato*  that  was  fired  in  the  preliminary 
transducer  evaluation.  Those  points  are  plotted  as  X's  in  Fig.  16b.  There 
is  a  strong  implication  that  the  blast-wave  strength  is  maintained  (or 
degraded  at  a  much  lower  rate)  for  some  distance  from  the  bomb,  and  that 
the  wave  amplitude  sooner  or  later  becomes  asymptotic  to  the  behavior  of 
a  wave  from  a  bare  charge.  Whether  or  not  this  effect,  which  is  almost 
certainly  attributable  to  the  behavior  of  bomb-case  fragments,  is  still 
appreciable  at  a  distance  10  inches  from  the  bomb,  is  obviously  related 
to  both  charge  weight  and  case  thickness. 

Except  for  the  variable  constant,  the  velocity  correlation  model  could  be 
used  to  calculate  the  pressure  vs  reduced  distance  curves  which  were  roughly 
sketched  in  Fig.  16.  An  attempt  to  obtain  a  fit  for  all  the  data  with  a 
single  constant,  however,  resulted  in  a  very  poor  model,  and  several  attempts 
to  obtain  a  model  in  terms  of  velocity  and  distance  were  unsuccessful. 

It  was  concluded  that  the  bomb-to-transducer  distance  had  unfortunately 
been  chosen  such  that  a  number  of  the  observed  blast  waves  had  acheived 
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asymptotic  recovery  to  boro -charge  bcharior ,  vhile  others  vere  st  rarioua 
otsgos  in  the  recovery  process.  The  difficolty  in  obtsining  adequate  cor¬ 
relation  probably  a  tana  iron  nixing  data  froa  thoae  two  categories.  Had 
■ore  streak^velocity  data  been  sought  in  the  0-  to  5-inch  range,  a  valid 
aodel  for  the  recovery  process  probably  would  have  been  obtained. 

Fro*  the  available  models,  however,  it  is  apparent  that  the  initial-shockwave 
correlation  is  the  one  of  most  value  for  characterising  bo  ah  a  for  stability 
rating.  Even  though  they  did  not  correlate  as  well,  the  direct  pressure 
and  distant  velocity  data  provided  useful  information  on  the  blastvave 
shape,  impulse,  duration,  case  material,  and  explosive-type  changes  which 
could  not  have  been  discerned  from  streak  records  alone. 


Effect  of  Case  Material.  The  transducer  transit-time  velocity  data 
for  Miearta  and  nylon  casea  are  compared  in  Table  8.  These  results  sug¬ 
gest  that  the  nylon  and  Miearta  cases  are  quite  similar  in  their  behavior. 

PULSE  GUNS 

The  combustion  stability  rating  device  known  as  the  "pulse  gun,"  introduces 
a  blast  wave  into  a  rocket  combustion  chamber  that  is  followed  by  a  trans¬ 
ient  directed  flow  of  combustion  product  gases.  Pulse  guns  were  cold-flow 
characterised  in  this  program  by  firing  them  into  a  50-gallon  tank  that 
was  prepressurised  with  an  inert  pressurant,  and  by  measuring  various 
parameters  near  the  inlet  of  the  gun  to  the  tank. 

Experimental  Apparatus 

Pulse-Gun  Hardware.  The  pulse  guns  evaluated  were  fabricated  by  Hocketdyne 
from  prints  of  engineering  drawings  supplied  by  AfBPl,  The  guns  are  ostensibly 
identical  to  those  developed  at  Aerojet-General  Corp. ,  and  used  for  stability 
ratings  there  and  at  AFRPL.  A  cross-sectional  view  of  an  assembled  pulse 
gun  is  shown  in  Fig.  17a,  essentially  reproduced  from  Ref.  4.  It  consists 
of  an  explosive  charge  loaded  in  a  center-fire  cartridge,  contained  within 
a  sealed  combustion  chamber  (breech);  a  mechanism  for  initiating  explosion 
of  the  charge;  a  passageway  (barrel)  for  conducting  the  explosion  products 
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Figure  17.  Pulse  Gun  Cold-Characterisation  Apparatus 


into  the  combustor  to  be  perturbed  and  a  buret -diaphragm,  pre-exploaion 
closure  for  that  passage.  The  pulse-gun  assembly  is  attached  to  the  com¬ 
bustor  with  a  threaded  connection  that  has  a  compression  seal.  The  ex¬ 
perimental  arrangement  used  in  cold-characterisation  firings  is  shown 
schematically  in  Fig.  17b. 

There  are  two  difference  breeches:  one  accepts  caliber  .38  Special  pistol 
cartridges  which  are  used  for  10-  and  13-grain  charges  the  other  accepts 
caliber  .300  Magnum  rifle  cartridges  for  20-grain  and  larger  charges*. 
Standard  center-fire  primers  are  used  to  initiate  explosion  of  the  charges; 
these  are  fired  by  impact  witL  a  firing  pin,  which  is  driven,  in  turn,  by 
combustion  gases  from  a  small,  electrically  initiated  primer**. 

The  pulse-gun  barrel  design  was  modified  to  accommodate  pressure  transducers. 
A  modified  barrel  haring  the  same  length  as  the  standard  barrel  (Fig.  17*) 
is  shown  in  Fig.  18a.  In  the  first  firings,  with  the  gun  discharged  into 
the  ambient  air,  the  blast  ware  had  not  coalesced  into  a  well-defined, 
steep-fronted  shock  ware  by  the  time  it  passed  the  last  transducer  location 
of  that  barrel.  Therefore,  a  longer  barrel  was  built,  haring  a  total  length 
equivalent  to  the  longest  blast-ware  travel  path  in  the  subsequent  racket 
motor  firing  program.  This  longer  barrel  design  is  detailed  in  Fig.  18b. 

In  the  barrel,  transducer  ports  were  centered  at  distances  of  1.44  ,  3*72, 
and  6.00  inches  downstream  of  the  seating  surface  for  the  burst  diaphragm 
flange. 


*Maxiarcai  charge  weights  of  80  grains  were  used  in  this  program.  Even 
larger  charges  have  been  used  with  larger  breeches  at  Aerojet-General 
Corp.  (Ref.  4).  The  resultant  combustion  chamber  disturbance  amplitudes 
were  found,  however,  to  be  related  to  <he  fraction  of  the  breech  voltae 
occupied  by  the  explosive  charge  so  that  smaller  disturbances  resulted 
from  160-grain  charges  that  filled  only  63  percent  of  the  breech  than 
from  80-grain  charges  that  filled  88  percent  of  the  smaller  breech. 

These  data  were  obtained  with  a  single  burst-diaphragn  rating  (20,000  psi). 

**The  Bermite  MK113  Primer  designated  in  tte  pulse-gun  specification  ob¬ 
tained  from  AIRPL,  was  replaced  after  about  16  charges  were  fired  with 
a  similar  primer  that  was  available  as  surplus  equipment  from  another 
program.  This  change  had  no  observable  effect  upon  the  behavior  of  the 
gun. 
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Burst  diaphragms  having  7500-,  10,000-,  and  20,000-psi  pressure  ratings 
were  purchased  from  Fike  Mfg.  Co.  The  diaphragms  served  the  triple  function 
of  protecting  the  charges  from  exposure  to  combustion-product  gas  tempera¬ 
tures,  prohibiting  explosion  products  to  escape  from  the  breech  until  the 
charges  were  nearly  completely  burned,  and  forming  a  shock  wave  to  initiate 
the  pulse. 

Pulse  Charges.  A  fast-burning,  double-base,  smokeless  pistol  powder  (Hercules 
Bullseye  No.  2,  or  equivalent)  is  designated  in  the  pulse-gun  specification 
received  from  AfHPL.  This  specification  was  adhered  to  for  the  majority  of 
the  pulse  charges  fired,  both  in  the  cold-characterization  and  hot  firings. 

One  of  the  desired  evaluations  was  the  effect  of  explosive  type  on  the  char¬ 
acteristics  of  the  gun.  Several  charges  were  tested,  therefore,  with  a  dif¬ 
ferent  explosive. 

Some  consideration  was  given  to  using  a  high  explosive  for  the  chmoge  in 
explosive  type.  This  idea  was  soon  rejected  because  of  the  possibility 
that  the  breech  might  be  ruptured  before  the  diaphragm  could  break  and 
provide  pressure  relief  from  a  highly  brissant  explosion. 

It  was  desired  to  evaluate  the  effect  of  a  substantial  change  in  the  ex¬ 
plosive  burning  rate.  The  characteristics  of  commercial  powders  were  ex¬ 
amined,  and  it  was  found  that  a  larger  change  could  be  effected  by  going 
to  slower  burning  powders.  Among  Olin  powders,  for  exsmple,  WC230  (com¬ 
parable  with  Hercules  Bullseye  No.  2)  has  a  relative  quickness  of  about 
5  in  comparison  with  WC846  (a  7.62-millimeter  NATO  military  cartridge  pow¬ 
der  and  Olin'a  standard  of  comparison),  while  their  fastest  burning  powder, 

WC  Blank,  has  a  relative  quickLess  of  about  10.  There  are  some  rifle  pow¬ 
ders  that  burn  even  more  slowly  than  WC846  so  changes  by  a  factor  of  5 
or  more  could  be  made  by  using  slower  burning  powders  snd  by  a  factor  of 
only  about  2  by  using  faster  burning  powders.  It  was  decided,  therefore, 
to  select  a  slower  burning  powder.  A  check  of  those  available  locally 
led  to  the  selection  of  duPont  Military  3031  which  has  characteristics 
comparable  with  the  Olin  WC846  referred  to  earlier.  Because  the  slower 
burning  rate  is  partiullv  achieved  by  reducing  the  percentage  of  nitro¬ 
glycerin,  the  heat  of  combustion  of  the  duPont  Military  powder  is  only 
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•bout  70  percent  that  of  Hercules  Bullseye  powder.  For  comparable  charge 
weight,  therefore,  the  change  in  powder  should  be  expected  to  give  reduced 
pressure  amplitudes. 

Charge  weights  tested  were  the  same  as  those  used  by  other  investigators: 
10-  and  15-grain  charges  loaded  in  caliber  .38  Special  cartridges  and  20- , 
30—,  40-  and  80-grain  charges  loaded  in  caliber  .300  H&H  Magnum  cartridges. 
The  blast-wave  magnitude  may  be  predominantly  controlled  by  the  charge  size, 
but  is  also  influenced  by  the  burst-diaphragm  rating,  particularly  if  the 
powder  ia  only  partially  burned  when  the  diaphragm  ruptures  (Ref.  5)*  For 
that  reason,  both  charge  weight  and  burst-diaphragm  strength  are  quoted  in 
|  specifying  a  pulse  charge. 

To  avoid  confusion  in  presenting  and  interpreting  data,  a  more  completely 
descriptive  charge  nomenclature  ia  used  in  this  report:  each  pulse  will  be 
identified  by  the  base  charge  weight,  powder  identification,  and  burst- 
diaphragm  rating.  As  illustrative  examples,  15HB/10K  designates  a  15-grain 
charge  of  Hercules  Bullseye  powder  with  a  10,000-psi  burst  diaphragm,  and 
40  duIM/20K  designates  a  40-grain  charge  of  duFont  Military  powder  with  a 
20,000-psi  burst  diaphragm. 

Instnmwntation.  Because  the  transients  involved  during  testing  required 
instrumentation  having  the  highest  frequency  response  available,  a  search 
i  was  made  to  obtain  components  permitting  high-frequency  response  compatible 

with  good  precision  and  reliability  in  the  explosive  environment.  This 
led  to  the  selection  of  the  Kistler  607L  pressure  transducer  which  has  a 
range  of  0  to  30,000  psi,  and  good  linearity.  Its  natural  frequency  is 
approximately  130  kc. 

Hie  output  of  the  transducer  was  amplified  by  a  charge  amplifier  flat  to 
150  kc.  Primary  data  records  were  obtained  by  photographing  the  outputs 
of  two  such  transducers  displayed  on  an  oscilloscope.  The  two  pressure 
signals,  together  with  an  amplified  temperature  signal  were  also  recorded 
simultaneously  on  magnetic  tape.  The  magnetic  tape  provided  backup  in 
case  of  malfunction  of  the  oscilloscope,  and  also  permitted  more  versatile 
analysis  and  data  reduction  after  the  tests. 
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The  frequency  response  of  the  priaarv  pressure  Measurement  system  vas  Uni¬ 
ted  by  the  natural  frequency  of  the  pressure  transducer  (130  kc),  since  the 
oscilloscope  and  charge  amplifier  have  flat  responses  above  that  frequency. 

The  tape-recorded  data  vere  limited  in  frequency  response  to  100  kc  by  the 
electronics  of  the  tape  system.  For  this  reason,  leading  edges  of  pressure 
traces  were  analysed  using  directly  recorded  oscilloscope  traces  only. 

The  pressure  transducers  vere  installed  in  the  outermost  two  transducer  ports 
of  the  pulse-gun  barrel  (Fig.  18)  in  all  teats.  A  5-«il»  chrome  1-a lame  1  thermo¬ 
couple  was  mounted  in  the  middle  port;  the  thermocouple  tip  was  recessed  ap¬ 
proximately  l/l6  inch  to  avoid  damaging  it  with  burst-diaphragm  and  charge- 
cartridge  fragments.  The  response  time  of  the  thermocouple  vas  quite  long, 
on  the  order  of  l/4  second;  nevertheless,  it  proved  to  be  useful  in  identi¬ 
fying  explosion  product  leakage  past  improperly  tightened  or  cleaned  diaphragm 
seating  surfaces. 


irimental  Procedure 


It  vas  originally  planned  to  fire  a  total  of  six  charges  from  each  charge 
category  with  the  six  charges  distributed  as  follows:  (l)  one  charge  fired 
into  open  air,  (2)  three  charges  fired  into  a  50-gallon  tank  containing  gaseous 
nitrogen  at  ambient  temperature  and  150-psig  back-pressure,  and  (3)  two  charges 
with  a  back-pressure  of  250  psig.  A  typical  test  sequence  involved  the  fol¬ 
lowing  steps: 


1.  The  components  for  a  pulse-charge  assembly,  consisting  of  one  dia¬ 
phragm,  one  loaded  cartridge,  and  one  sqv.ib,  were  obtained  from 
storage,  and  the  pulse  gun  vas  thoroughly  examined. 

2.  The  primer  chamber,  firing  pin  assembly,  and  diaphragm  seating  sur¬ 
faces  of  the  pulse  gun  were  cleaned,  and  the  hardware  vas  inspected 
for  damage  resulting  from  previous  firingg. 

3.  ae  diaphragm,  cartridge,  and  primer  vere  installed,  and  the  pulse 
gun  assembly  was  mounted  in  the  receiving  tank. 

4.  The  transducer  lines  vere  connected,  the  pressure  in  the  receiving 
tank  was  adjusted  to  the  des  ~ed  value,  the  electronic  instrumen¬ 
tation  vas  checked  and  the  pulse  gun  vas  fired. 


Daring  the  coarse  of  the  firing* ,  certain  difficulties  and  problem  areas 
were  encountered  repeatedly.  These  are  listed  in  sone  detail  to  provide 
information  which  nay  prove  helpful  in  future  pulse-gun  firings. 


1.  The  weakest  component  in  the  pulse-gun  assembly  was  the  firing 
pin.  Three  firing  pins  were  lost  because  of  severe  cracks  in 
the  body  of  the  pin.  Two  firing  pins  janmed  within  the  obdurator 
dirk  during  the  early  firings.  No  solution  to  the  cracking  of 
the  firing  pins  was  found,  but  the  jamming  was  apparently 
eliminated  by  a  careful  cleaning  of  the  pin  and  holder  after 
each  firing,  combined  with  a  careful  alignment  of  the  pin  within 
its  enclosing  cylinder  during  the  pulse-gun  assembly.  Riture 
pulse-gun  designs  might  be  improved  by  lengthening  the  piston 
portion  of  the  firing  pin  to  improve  the  alignaent. 

2.  During  the  first  firing  of  the  larger  charges  (40  to  80  grains), 
it  was  noted  that  sone  runs  showed  leakage  of  combustion  gases 
under  the  seating  surface  of  the  diaphragm.  This  was  first 
discovered  by  examining  the  thermocouple  trace  and  comparing  it 
with  that  of  the  upstream  pressure  transducer.  In  cases  where 
leakage  occurred  before  rupture  of  the  diaphragm,  a  definite  out¬ 
put  from  the  thermocouple  was  noted  before  the  upstream  pressure 
step  appeared.  In  severe  leakage  cases,  the  leakage  was  also 
visible  on  the  upstream  pressure  trace  as  a  small  pressure  pulse 
visible  before  the  large  pressure  step  caused  by  diaphragm 
rupture  (Fig.  19).  Leakage  was  practically  eliminated  by  care¬ 
ful  attention  to  the  cleaning  procedure  used  on  the  seating 
surface  and  by  using  a  methodical  tightening  sequence  during 
pulse-gun  assembly. 

5.  Examination  of  pressure  traces  from  several  firings  showed  con¬ 
siderable  ringing  in  the  pressure  transducers  before  rupture  of 
the  burst  diaphragm.  Apparently  this  was  caused  by  the  mechanical 
shock  transmitted  to  the  body  of  the  pulse  gun  by  the  actuation 
of  the  firing  pin.  In  some  runs  showing  an  unusual  amount  of 
ringing  before  diaphragm  rupture,  it  was  found  by  later  examination 
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of  tho  pulse-gun  assembly  that  the  firing  pin  exhibited  considerable 
friction  within  its  containing  cylinder  that  apparently  retarded 
completion  of  its  normal  stroke.  Replacement  of  those  firing  pins 
resulted  in  a  smoother  preshock  trace. 

4.  Pulse-gun  firings  into  the  receiving  tank  resulted  in  considerable 
postrnn  vibration,  which  often  loosened  the  pressure  transducers  in 
their  mounts.  It  was  necessary  to  check  the  transducers  after  every 
firing  to  see  whether  they  had  become  loosened  by  vibration. 


Experiments!  Results 

The  majority  of  the  information  obtained  from  pulse-gun  firings  is  derived 
frost  the  recorded  pressure-time  data.  In  this  section,  examples  of  these 
raw  data  are  presented  and  discussed,  and  tabulations  of  the  data  reduced 
from  them  are  given. 

Typical  examples  of  pressure-time  traces  obtained  with  the  standard  charge 
categories  tested  are  shown  in  Fig.  20.  With  the  exception  of  Fig.  20c, 
all  records  were  photographed  directly  from  an  oscilloscope.  The  record 
of  Fig.  20c  was  obtained  from  playback  of  tape-recorded  data  from  the  same 
firing  as  that  shown  in  Fig.  20b.  The  reduction  in  response  incurred  in 
the  tape-recording  process,  using  available  equipment,  is  apparent.  Addi¬ 
tional  examples  of  nonstandard  combinations  of  charge  weight  and  burst- 
diaphragm  strength  appear  in  Fig.  21,  and  three  of  duFont  Military  powder 
charges  are  shown  in  Fig.  22. 

Many  points  of  similarity  can  be  discerned  among  the  oscilloscope  data  as 
well  as  a  few  points  of  dissimilarity.  There  are  also  some  unexplained 
phenomena.  In  discussing  these  data,  the  sane  convention  will  be  used  as 
was  earlier  in  presenting  bomb  data:  a  numerical  subscript  of  a  para¬ 
meter  denotes  distance  from  the  source,  in  this  instance,  downstream  of 
the  burst  diaphragm.  Thus  P1  ^  is  the  static  pressure  at  a  position  1.44 
inches  from  the  diaphragm,  and  Atj  kk-6  0  **  t*ie  blast-wave  transit  time 
between  transducers  located  at  1.44  and  6.00  inches  from  the  diaphragm. 
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Figure  20.  Pressure  Records  Froa  Pulse  Guns  Fired  Into 
150-psig  Rack  Pressure  Tank 
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c.  A  20  HB/20K  Charge 
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i'he  sort  obvious  point  of  similarity  among  the  pressure  traces  is  the 
apparent  occurrence  of  two  shock  waves.  This  is  most  clearly  seen  with 
the  larger  charges,  but  is  readily  identified  with  the  snaller  charges 
as  well.  The  initial  steep-fronted  pressure  rise  is  undoubtedly  a  shock 
wave  resulting  from  the  burst-diaphragm  rupture.  A  se  ond,  sometimes  less 
steep-fronted,  pressure  wave  follows  the  initial  shock  wave.  The  secondary 
wave  usually  propagates  faster  than  the  initial  wave  (and  thus  tends  to 
overtake  it),  and  often  is  seen  to  steepen  between  the  1.44-  and  6.00-inch 
transducer  positions. 

The  mechanism  by  which  this  secondary  pressure  wave  is  produced,  has  not 
been  established;  certainly  it  must  come  from  within  the  pulse-gun  breech, 
since  the  wave  propagates  in  &  downstream  direction.  At  first  it  was 
thought  that  the  secondary  pressure  wave  resulted  from  shock  reflections 
within  the  pulse-gun  breech,  e.g.,  an  initr.al  explosion  wave  reflected 
from  the  burst  diaphragm  before  it  ruptured  and  subsequently  reflected 
from  the  primer  end  of  the  effectively  empty  cartridge.  This  interpre¬ 
tation  could  not  be  supported  in  attempts  at  constructing  a  wave  diaphragm 
because  of  the  variable  time  increment  between  the  waves.  The  appearance 
of  similar  multiple  waves,  spaced  at  nonreproduced  time  intervals,  in 
the  low-explosive-bomb  pressure  records  (Fig.  13)  offers  a  strong  clue 
to  the  probable  cause,  i.e.,  continued  burning  of  residual  powder  after 
the  diaphragm  ruptures  is  at  high  enough  rate  to  produce  a  succession 
of  pressure  wavelets  which  eventually  coalesce  into  a  second  shock  wave 
as  *hey  propagate  down  the  gun  barrel. 

Another  point  of  similarity  is  the  essentially  constant  duration  of  the 
positive  pressure  portion  of  the  pulses,  regardless  of  charge  size, 
burst  diaphragm  strength,  or  breech  volume. 

The  initial  shock  wave  is  recorded  with  a  total  rise  time  of  approximately 
4  to  5  microseconds.  (This  is  not  apparent  on  the  traces  reproduced  here, 
but  was  observed  on  direct  oscilloscope  photographs  with  faster  oscillo¬ 
scope  beam  sweep  rates.)  The  measured  rise  time  may  be  limited  both  by 
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the  natural  frequency  of  the  transducer  and  by  the  response  of  the 
transducer  when  a  plane  pressure  wave  propagates  across  the  finite  width 
of  its  sensing  surface.  The  transducer  Uniting  rise  time  is  only  slightly 
less  than  4  microseconds  ([(2)(l30,000)]  *)  and,  at  the  measured  initial- 
wave  velocity,  the  wave  takes  approximately  3  microseconds  to  cross  the 
transducer  face.  Within  the  ability  of  the  transducers  to  resolve  it,  then, 
the  initial  wave  is  indicated  to  be  a  pressure  discontinuity  or  shock  wave. 

The  precursor  disturbances  resulting  from  pressure-wave  transmission  through 
the  pulse-gun  structure  are  particularly  evident  in  Fig.  20s  and  20d 
Transducer  ringing  at  the  natural  frequency  of  130,000  cps  appears  to  be 
worse  with  the  smaller  charges  because  of  the  greater  gain  used  in  recording, 
but  is  probably  not  actually  of  any  different  amplitude  than  with  large 
charges. 


Data  reduced  from  the  pressure-time  records  are:  initial-shock  amplitude, 
maximum-pressure  amplitude,  positive-pressure  duration,  total  impulse,  snd 
initial-shock-wave  transit  time  between  transducers.  This  latter  value  is 
used  to  calculate  an  average  wave  velocity.  These  data,  for  all  firings  made, 
are  presented  in  Table  9. 


To  give  j  qualitative  feeling  for  the  pulse  gun  data  before  proceeding  with 
the  correlation,  plots  of  two  complete  sets  of  data  are  shown  in  Fig.  23 
and  24.  Both  plots  are  of  the  maximum  blast  wave  pressure  from  "standard” 
pulse  charge  designations,  and  both  show  data  obtained  with  three  different 
downstream  backpressures.  Figure  23  shows  data  from  the  transducer  located 
1.44  inches  downstream  of  the  burst  diaphragm,  while  the  data  in  Fig.  24 
are  fjrom  the  6.00-inch  position. 


The  only  correlating  line  shown  in  Fig.  23  and  24  is  that  reported  by 
Peoples  (Ref.  3)  at  Aerojet  General  Corporation  for  data  obtained  with 
pulse  guns  fired  into  the  open  air,  using  a  transducer  location  comparable 
with  the  6.00-inch  position  of  Fig.  24.  The  effect  of  explosive  charge 
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TABLE  9 

BLAST  WAVE  BATA  FROM  RJLSE  GW  FIRINGS 
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Figure  24.  Maximum  Blast  Pressure  Amplitude  at  6.00  Tnches 
From  Pulse  Gun  Burst  Diaphragm 
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vtight  on  Maxima  prooooro  in  the  current  data  fro*  the  1.44-inch  poaition 
appear*  to  parallel  the  Aerojet  correlation  but  with  about  50  percent 
higher  amplitudes,  while  the  effect  at  the  6.00-inch  position  appears  to 
be  grossly  distorted.  This  was  a  surprising  result.  That  appearance  was 
not  restricted  to  the  uaxiMua  pressure  amplitude  data,  however,  because  the 
same  type  of  curvature  was  aeon  in  similar  plots  of  initial  shock  wave 
amplitude  and  of  total  impulse. 

As  a  further  check  of  the  validity  of  what  eeeaed  to  be  a  discrepancy 
between  the  two  sets  of  data,  the  presaure  transducers  were  recalibrated 
after  all  but  nine  of  the  firings  had  been  made.  The  recalibration  data 
fell  within  three  percent  of  the  factory-supplied  calibrations  and  exhibited 
excellent  linearity.  It  was  concluded  that  the  apparent  data  distortion 
at  the  6.00-inch  position  was  a  valid  characteriatic  of  the  data. 

Piti  fiamliiim 

Variables  Considered  in  the  Correlation.  The  primary  pulse  gun  parameters 
varied  in  the  cold  characterisation  tests  wer-: 

1.  Charge  Weight,  W  (grains) 

2.  Powder  Type,  FT 

3.  Diaphragn  Burst  Pressure,  P^  (1000's  of  psi) 

4.  Pulse  Gun  Barrel  Length,  X  (inch) 

5.  Back  Pressure ,  Pfe  (psi) 

The  distance  D  from  the  diaphragu  t'  each  of  the  two  transducers  was  also 
considered  in  the  analysis.  The  output  data  used  as  the  dependent  variables 
were: 


1.  Maximal  Blast  Pressure,  (psi) 

2.  Positive  Lapulse ,  I+  (lbf-sec) 

3.  Velocity  of  the  Initial  Shocks,  c#  (ft/sec) 
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The  response  is  the  amplitude  of  the  higher,  and  ordinarily  the  second 
of  the  two  pressure  peaks  neasured  at  the  pressure  sensors  in  the  pulse 
gun  barrel.  Unit  positive  inpulse  was  obtained  with  a  planineter  in  the 
sane  way  as  for  the  bodbs.  Because  the  blast  waves  were  confined,  rather 
than  expanding  spherically,  the  integrated  values,  Eq.  4  ,  were  nultiplied 
by  the  cross-sectional  area  of  the  pulse  gun  barrel.  The  correlated  values 
were  thus  total  positive  inpulse.  The  velocity  was  obtained  fron  the 
transit  tine  between  the  transducers  located  at  1.44  and  6.0  inches. 

A  fourth  response  paraneter,  the  positive  duration,  was  not  analyzed 
quantitatively.  It  is  fairly  clear  that  the  positive  duration  data,  os 
given  in  Table  9,  behave  essentially  the  sane  as  for  the  bosdts;  that  is, 
there  is  only  a  very  weak  correlation  with  charge  weight. 

Correlation  of  Peak  Pressure.  The  nultiple  linear  regression  techniques 
described  in  Appendix  A  were  used  to  obtain  eapirical  nodels  to  fit  the 
peak  pressure  data.  The  correlation  included  all  of  the  available  peak 
pressure  data  for  Hercules  Bullseye  powder  except  the  few  data  obtained 
with  the  short  barrel.  As  for  the  bonb  data,  the  averagea  of  the  responses 
for  each  set  of  conditions  were  used,  rather  than  the  individual  data 
points.  The  final  nodel  obtained  is  the  following: 

In  P  -  8.32  -  1.54  In  W  ♦  0.32  (in  V)2  +0.15  In  V  In  D  - 

UZ 

0.06  (in  V)2  In  D  ♦  0.19  In  V  In  Pjb  «■  0.008  (la  Pfc)2  (16) 

A  total  of  store  than  98  percent  of  the  variation  in  In  (P  )  is  now 
explained  by  the  right-hand  side  of  Eq.  16  with  a  standard  deviation  of 
0.093  about  the  regression  line,  A  cursory  examination  of  the 
data  for  fixed  transducer  distance  and  back  pressure  (Fig.  23) 
the  logarithm  of  peak  pressure  is  essentially  linearly  related 
logarithm  of  charge  weight.  This  simple  apparent  relationship 


peak  pressure 
shows  that 
to  the 
leads  one 
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to  question  tho  complexity  of  the  model  (iron,  and  in  particular  the 
presence  of  the  tens  in  (in  V)2,  (in  W)2  In  D,  and  In  V  In  PdJ).  One 
poaaihle  explanation  for  the  appearance  of  theae  terms  in  the  model  is 
that  the  royression  is  aporioua  and  the  extra  terms  are  effectively 
"explaining"  what  is  in  reality  random  fluctuations  in  the  data.  A 
preponderance  of  available  evidence,  however,  indicates  that  the  func¬ 
tional  relationship  between  In  and  In  V  is  actually,  though  only 
moderately,  carved.  Figures  25  and  26  are  logarithmic  plots  of  the 
average  values  P^t  against  V  for  the  transducers  at  1.44  and  at  6.00 
inches  respectively,  and  for  a  back  pressure  of  150  pai.  Since  three 
rated  strengths  of  burst  diaphragms  were  used,  the  data  should  fall  on 
three  different  parabolas  according  to  Eq.  16.  The  fit,  especially  for 
the  20,000-pound  burst  diaphragm  rating  is  excellent.  Note  that  although 
the  quadratic  term  in  In  V  is  smaller  at  D  «  6.00  than  at  D  =  1.44,  the 
linear  term  changes  enough  so  that  the  curvature  is  greater  at  the  longer 
distance.  It  now  aeems  clear  that  the  apparent  anomaly  of  the  nonlinear 
behavior  at  6.00  inchea  may  be  accounted  for  by  the  curvature  with  charge 
weight  and  the  effect  of  the  burst  diaphraps. 

The  maximtsa  charge  weight  used  in  the  program  was  80  grains  due  to  the 
limitation  in  the  breech  aise  of  the  pulse  gun.  As  noted  previously, 
larger  charges  hsve  been  used  with  larger  breeches  at  Aerojet  General 
Corporation  (Ref.  5)  which  resulted  in  an  apparent  relationship  between 
coabustien  chamber  disturbance  amplitudes  and  the  fraction  of  the  breech 
volume  occupied  by  the  explosive  charge. 

Two  breech  sixes  were  also  used  in  the  current  program,  but  the  character¬ 
isation  testing  reveals  no  effect  of  breech  sise.  The  10-  and  15-grain 
charges  were  fired  in  the  smaller  breech;  if  there  were  a  breech-volume 
effect,  results  using  these  charge  weights  would  have  been  higher  than 
would  be  expected  by  extrapolating  back  from  the  larger  charge  sixes. 
Because  the  results  were  lower,  we  conclude  that  either  there  is  no 
breech-volume  effect  or  it  is  completely  masked  by  the  effect  of  diaphragm 
burst  pressure. 


96 


BLAST  OVERPRESSURE,  LB/ IN. 


(M 


30,000 

25,000 


20,000 


15,000 


10,000 


0000 


6000 


5000 


4000 


2500 


1500 


CORRELATING  LINES 
ARE  EO  16 


1000 


Figure  26, 


CHARGE  WEIGHT,  GRAINS 

NoxinuD  Blast  Pressure  Amplitude  at  6.00  Inches 
From  Pulse  Gun  Diaphragm.  (Hercules  Bullseye 
Powder,  150-psi  Backpressure) 
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Correlation  of  Positive  Impulse.  A  logarithaic  aodel  of  the  fora 


In  I+  -  -6.43  ♦  1.78  In  W  -  0.11  (in  V)2  -  0.28  In  D  ♦ 

0.123  In  Pfc  (Eq.  17) 

van  found  to  be  satisfactory  for  estimating  positive  impulse.  Again  over 
98  percent  cf  the  total  variation  in  la  is  explained  by  the  test  input 
parameters  in  Eq.  17.  A  standard  error  of  0.067  about  the  regression  line 
was  obtained. 

As  was  the  case  with  the  boadts,  a  very  good  fit  of  positive  impulse  was 
obtained  with  a  very  simple  aradel.  Particularly  striking  ia  the  fact  that 
the  effect  of  charge  weight  does  not  interact  with  tranducer  distance. 
Unlike  the  peak  pressure  data,  for  which  the  curves  at  the  two  distances 
actually  cross  and  have  different  curvatures,  two  parallel  curves  are 
sufficient  to  fit  the  positive  i^ralae  data  (Fig.  27  ) 

While  the  inclusion  of  the  (la  V)2  term  in  Eq.  17  improves  the  overall  fit 
of  the  data,  there  are  some  indications  that  this  term  in  tht  correlation 
may  be  spurious.  First,  the  data  at  the  high  end  lew  ends  oi  the  curves 
are  fit  just  as  well  by  straight  linos  ^diich  can  bo  visually  fit  to  the 
data  as  by  the  regression  curves.  Second,  the  direction  of  curvature  is 
opposite  that  observed  for  peak  pressure.  At  any  rate,  the  amount  of 
curvature  is  ao  slight  that  the  deviations  from  linearity  are  probably 
not  of  any  real  importance. 


Correlation  of  Velocity.  A  conparison  of  Fig.  28  with  Fig.  25  through  27 
shows  that  there  is  auch  more  variability  in  the  velocity  data  than  in  the 
peak  pressure  or  positive  impulse.  It  is  therefore  not  possible  to  develop 
a  model  which  is  physically  meaningful  and  which  fits  the  data  well.  The 
best  model  obtained  fit  only  the  larger  charges  eveu  approxinately : 

In  cg  «  11.1  -  1.94  lhW  +  0.130  (in  W)2  -  0.149  (in  Ptfb)2  +  (lg) 
0.411  in  W  In  Pdb  -  0.0549  In  Pfe 
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BLAST  WAVE  IMPULSE ,  LB /SEC 


Figure  127 


CHARGE  WE  IGHT, GRAINS 

Impulse  From  Pulse  Gun  Blast  Waves,  (llcrcul 
Bullseyc  Powder,  150-psi  Backpressure) 
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Initlfl  Shock  Wave  Pressure.  In  addition  to  the  maximum  peak  pressure 
(the  amplitude  of  the  second  pressure  peak),  data  on  the  initial  shock 
ware  pressure  w«jA-e  reduced  from  the  photographic  records.  These  are 
plotted  as  a  function  of  charge  weight  in  Fig.  29  end  30  for  transducers 
at  1.44  and  6.00  inches,  respectively.  Since  the  initial  shock  wave 
pressure  data  are  so  similar  to  those  for  secondary  (maximum)  peak 
pressure  discussed  earlier,  no  formal  correlation  was  run.  Several 
points  of  similarity  and  dissimilarity  will  be  noted  in  a  qualitative 
fashion. 

The  general  functional  form  of  the  Initial  shock  wave  pressure  relation¬ 
ship  is  obviously  quite  similar  to  that  for  maximum  peak  pressure.  For 
small  charges,  the  two  pressures  are  nearly  the  same;  however,  for  higher 
charge  weights,  the  msxlmum  peak  is  greater  by  a  factor  approaching  2  for 
130  psi  back  pressures.  The  curvature  with  In  V  for  fixed  Pdb  and  is 
more  pronounced  in  the  initial  shock  wave  pressure  data.  The  effect  of 
burst  diaphragm  appears  to  be  about  the  same.  Finally,  there  is  some 
evidence  that  the  initial  pressures  are  degraded  more  by  an  increase  in 
back  pressure  than  are  the  maximum  pressures. 


Results  With  duPont  Military  Powder.  A  total  of  10  pulse  gun  charges 
using  the  slow-burning  powder  (duPont  Military  3031 )  were  fired  during 
the  cold  characterization  portion  of  the  program.  Because  few  data  were 
available,  the  results  were  not  correlated  statistically,  but  qualitative 
observations  may  be  made  for  plots  of  the  data.  Figures  31  through  33 , 
which  are  analogous  to  Fig.  23  through  28, contain  individual  values  in 
the  resulting  data  rather  than  averages.  In  generrL,  the  results  were 
similar  but  of  appreciably  lower  magnitude. 

With  the  duPont  Military  powder,  a  diaphragm  of  10,000  psi  rated  burst 
pressure  was  used  with  a  20-grain  charge  and  20,000  psi  diaphragms  were 
used  with  charge  weights  of  30,  40,  and  80  grains.  Once  again  the  effect 
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Initial  Shock  Wave  Pressure  Amplitude  at  C.OO  Indies 
From  Pulse  Gun  Diaphragm  (Hercules  Bullscye  Powder, 
150-psi  Backpressure) 
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of  charge  weight  on  peak  preaaure  for  fixed  diaphragm  rating  is  slightly 
curved  on  a  logarithnic  plot,  and  the  effect  of  diaphragm  rating  is  also 
noticeable.  The  consistency  of  the  duPont  Military  powder  peak  pressure 
data  with  that  for  Hercules  Dullseye  powder  gives  a  corroboration  with 
independent  data  of  the  functional  fora  used  earlier.  Superposition  of 
the  curves  for  maxima  pressure  amplitude,  Fig.  51  ,  shows  that,  as  with 
the  Hercules  powder,  the  difference  in  peak  pressure  between  the  trans¬ 
ducers  at  1.44  and  6.00  inches  is  appreciably  greater  at  the  higher 
weights.  The  amplitudes  of  the  pressure  waves  with  the  slower  burning 
duPont  powder  is  in  general  less  than  half  thoae  with  the  Hercules  powder. 
Hie  slope  of  the  In  V  wa  In  plot  ia  slightly  greater,  so  that  the 
effect  of  charge  weight  is  f lightly  greater  with  the  duPont  powder. 

As  before,  the  impulse  data  appesr  to  be  quite  reproducible  and  easy  to 
interpret,  with  perallel  lines  serving  to  model  the  impulse  at  1.44  and 
at  6.00  inches.  The  impulse  vslues  are  lower  by  a  factor  of  about  2-1/2 
than  these  for  the  faster  burning  powder.  There  is  a  slight  suggestion 
of  positive  curvature  of  In  I+  for  the  largest  three  weights.  The  velocity 
data  are  once  again  quite  scattered.  There  is  no  indication  of  any  effect 
besides  that  of  weight.  The  velocities  are  about  1000  or  1500  ft/sec  lower. 
Finally,  initial  shock  wave  pressure  plots  (not  illustrated)  show  the  sane 
relationship  to  the  maximum  pressure  ao  was  observed  with  the  Hercules 
powder. 


DIRECTED  FLOWS  OF  GASES 

The  third  combustion  stability  rating  method  investigated  consists  of  intro¬ 
ducing  a  directed  gas  flow  into  the  rocket  combustion  chamber  and  determining 
the  gae  flowrate  (or  other  characteristic)  at  the  instant  of  instability. 

The  technique  has  been  found  to  be  most  effective  when  applied  to  the  region 
just  downstream  of  the  injector,  the  gas  flow  may  ano  be  more  effective  if 
directed  tangentially  or  chordally  rather  than  radially  across  the  injector. 
Inert  gases  have  been  used  almost  exclusively,  although  some  limited  inves¬ 
tigations  have  made  use  of  both  oxidizer  and  fuel  gases  (Ref.  6). 
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Several  gas  flow  control  methods  have  been  used.  Loch  method  contains  ele¬ 
ments  for  limiting  the  ultimate  eventual  flowrate  (e.g.,  source  pressure  regu¬ 
lation),  and  for  controlling  the  transient  flowrate  (e.g.  ,  a  flow  control 
valve).  The  simplest  method  involves  rapid  actuation  cf  •  simple  shutoff 
valve  to  effect  a  more  or  less  impulsively  initiated  flov  having  constant 
flowrate.  In  an  extreme  application,  the  valve  may  be  opened  fast  enough 
that  a  weak  shock  wave  attends  the  onset  of  gac  flov  into  the  combustor. 

This  method  provides  a  single  data  point  for  each  rocket  engine  firing  so 
that  multiple  firings  and  staircase  testing  techniques  are  required. 

A  more  productive  flov  control  method  utilizes  slov  actuation  of  a  linear  or 
proportioning  flov  control  valve,  so  that  the  gas  flowrate  increases  gradually 
in  a  controlled  and  reproducible  manner.  Most  often,  linear  variation  of 
flovratc  with  time  has  been  sought;  in  at  least  one  study,  control  was  for 
linear  variation  of  momentum  flux  with  time.  In  thiB  manner  a  range  of  rat¬ 
ing  technique  characteristics  can  be  covered  in  a  single  engine  firing  and, 
potentially,  a  valid  stability  rating  may  l<e  obtained  for  each  firing  in 
which  an  instability  is  initiated. 

The  mechaniams  whereby  an  injected  gas  flov  disturbs  the  steady-state  com¬ 
bustion  processes  to  produce  a  finite  amplitude  pressure  ware  and  ultimately 
initiate  a  sustained  instability  are  not  at  all  well  understood.  A  concept 
that  this  technique  affects  displacement  or  velocity-sensitive  combustion 
processes  rather  than  pressure-sensitive  processes  is  rather  widely  held. 

This  technique  probably  accomplishes  less  close  simulation  of  naturally 
occurring  triggering  mechanisms  than  do  the  bomb  and  puls#  gun  tachniquaa . 
Nevertheless,  its  potential  for  accoaqtliahing  a  quantitative  rating  in  a 
minimum  number  of  tests  stakes  it  an  attractive  candidate  for  stability 
rating  work. 
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Ex  per '.mental  Approach 


Hie  Method  of  steadily  increasing  the  gas  flovrate  was  selected  for  this 
program.  It  was  anticipated  that  capabilities  for  independent  time  rate  of 
variation  of  any  gas  flow  characteristic  would  be  desirable  in  the  hot-firing 
characterisation.  A  gas  flow  generator  system  was  designed  with  flow  control 
valve  position  (or  percent  open)  as  the  primary  control  variable.  Cold  char¬ 
acterisation  consisted  of  determining  the  control  settings  required  to  provide 
i  prescribed  flow  profile,  measuring  the  flowrate,  the  output  gas  temperature 
and  pressure,  and  determining  correlations  among  them  when  the  control  valve 
timing,  connecting  tube  design,  and  gas  species  were  changed. 

The  flow  generator  was  initially  designed  in  anticipation  of:  (l)  10-lbm/sec 
nitrogen  and  3-lbm/sec  helium  maximise  flowrate  requirements,  and  (2)  flow 
durations  ranging  from  0.25  to  3.0  seconds.  The  flow  system  components  were 
size-selected  on  the  basis  that  gases  would  be  supplied  at  2500  psia  source 
pressure  to  the  flow  generator  and  that  the  maximim  flowrate  would  be  deter¬ 
mined  by  sonic  (choked)  flow  through  the  port  or  tube  connecting  the  flow 
generator  to  the  combustion  chamber. 

The  flow  generator  system  initially  assembled  is  shown  schematically  in 
Fig.  34  and  photographically  in  Fig.  35.  A  list  of  the  flow  generator  com¬ 
ponents  is  given  in  Table  10;  the  component  numbers  listed  there  correspond 
with  those  on  Fig.  34.  The  schematic  shows  that  either  of  two  gases  could 
be  chosen  for  testing  and  that  addition  of  any  number  of  test  gases  can  be 
achieved  simply  by  duplicating  four  valves  for  each  additional  test  gas 
desired.  Flow  was  measured  by  observing  the  pressure  drop  across  a  cali¬ 
brated  orifice.  (A  backup  RAMAPO  flow  transducer  was  soon  determined  not 
to  be  needed  and  was  removed  from  the  system. )  The  position  of  the  flow 
control  valve  stem  was  monitored  with  a  linear  motion  transducer  and  ad¬ 
justed  by  a  hydraulic  cylinder  which  was  driven  by  a  servovalve.  The  power 
required  for  the  hydraulic  system  was  provided  by  a  hydraulic  pump.  A 
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TABLE  10 


COMPONENTS  OF  FLOV  GENERATOR  SYSTEM  FOB  GAS  PUI£E  BATING  DEVICE 


ftwitle  8y»t— 


PWa 

Daaerlptian 

Slaa 

Tenter 

Natal 

i 

Ha  Ilia  Supply  Valrn 

1  laaa 

M/B  4310 

2 

Oaaaana  Nltragan  kf^ly 

1  laak 

M/B  4310 

3 

Saurea  Tank  Bagnlatar 

1-1/2  laak 

W-406-K3 

4(2) 

Satire  •  Tank 

2  lnah  eyl later 

- 

5 

Main  ValTr 

1  Inch 

JB-143670-7 

6^5) 

iMupa  flawtir 

1  lack 

Baaapa 

- 

7 

Orlflee  Hal'.  jr 

1  lnah 

MU 

- 

8 

Control  Taira 

1  lnah 

D  1204 

9 

Hydraulie  Cyllndar 

1  lnah 

Eft'  ; 

- 

10 

Barmralra 

1/4  lnah 

Catlllaa 

2281 

11 

Hy  dr  aal  1  e  tap 

10  0PM 

HU 

WB  283478 

12 

Hytramlle  Flltar 

- 

MU 

- 

13 

Xnatnaantatlan  Coonaetar 

1  lnah 

MU 

- 

14 

laak  Praaanra  Tank 

30  gallaas 

■antbweat 

Waiting 

4513 

13 

Baak  Praaanra  Ganga 

1/4  lnah 

Tlatar 

1*933-1 

16 

Back  Praaanra  Hant  Tent 

1/2  laak 

3  1 

224  n 

17 

Bnrat  Dlaphragn  Ha  14a  r 

1-1/2  laak 

2112  V 

18 

Baak  Praaanra  3-kay  Taira 

1/2  lnah 

303 

19 

Baak  Praaanra  Bagnlatar 

3/8  lnah 

1 

S9B-206-03 

20 

Chaak  Taira 

1  lnah 

Maratta 

cm  516 

21 

Cbaak  Taira 

1  lnah 

bfMF 

DB  143912-4*400 

22 

Banraa  Tank  Laatar 

1/4  lnah 

Orara 

- 

23 

Hill*  Bypaaa  Taira 

1/4  lnah 

Babkina 

am  230-4T 

24 

Ballw  Blaat  Taira 

1/4  lnah 

DB  137003-r 

23 

Oaaaana  Nltragaa  Bypaaa  Taira 

1/4  lnah 

E354 

8BB  230-42-763 

26 

Qaaaana  Nltragan  Blaa4  Taira 

1/4  lnah 

Babkina 

DB  137003-F 

llaatraala  Byataa 

Analag  Caayntar 

Bi 

3000 

Plata  Ptaatlan  Oanaratar 

E 

3730 

DC  tapllflar 

Kintal 

111  VO 

Current  J^llfler 

Ibataaaa 

Cl  401 

(l)  kfimNt  Mpn  34 

12)  Talkaa  lnaraaaat  ta  9  am  ft  far  final  aanflfwatlaa 
(3)  talttat  far  final  iaalga 
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connecting  section  proridtd  smooth  transition  betveen  the  1-inch  ID  systen 
tubing  end  the  l/2-inch  ID  exit  tube  required  for  entrance  into  the  c^nbustion 
chanber.  This  section  vas  equipped  vith  a  Kistler  601A  pressure  transducer, 
and  an  unsheathed  chrome  1- a  lmel  thermocouple  constructed  of  5~nil  wire. 

The  thermocouple  provided  a  Moderately  fast-response  temperature  measure¬ 
ment,  and  the  pressure  transducer  vas  for  monitoring  the  exit  flow  for 
spikes  and  transients.  The  thermocouple  vas  recessed  somewhat  to  avoid 
damage  to  the  small-diameter  vires  during  high  flovs.  For  cold-flov 
characterization,  a  tank  simulated  the  rocket  charter.  Back  pressure  vas 
also  remotely  controlled. 


Progressed  control  of  the  gas  flow  vas  accomplished  through  a  preprogramed 
schedule  of  desired  valve  position  as  a  function  ot  time.  The  actual  versus 
desired  valve  stem  position  vas  compared,  and  the  resulting  error  vas  used 
to  drive  the  valve  stem  in  the  proper  direction  +o  reduce  the  error.  In 
this  way  any  desired  valve  position  versus  tine  curve  could  be  obtained 
vithin  the  physical  limitations  of  tne  equipment. 


r" 

eprogr 


The  electronic  equipment  used  for  valve  position  preprograming  and  control 
also  is  listed  in  Table  10. 


! 


torrlMBtil  Remlti 

Cold  characterization  of  the  initially  assembled  system  revealed  erratic, 
irreproducible  surges  in  flowrate,  which  resulted  from  the  inability  of 
the  source  tank  pressure  regulator  to  follow  changes  in  demand  imposed  by 
moderately  fast  control  valve  motion.  It  vas  recognized  that  increasing 
the  size  of  the  source  tank,  which  vas  initially  quite  small  (approximately 
0.1  cu  ft),  could  eliminate  this  problem.  It  was  roughly  estimated  that 
betveen  7  and  10  cu  ft  of  surge  capacity  vould  be  needed,  however,  so  it 
vas  decided  to  evaluate  the  gas  flow  control  characteristics  with  the  source 
tank  and  its  pressure  regulating  valve  removed  from  the  system.  The  pipe¬ 
lines  from  the  gaseous  supply  valves  were  then  plumbed  directly  to  the  flow 
generator's  main  shutoff  valve. 
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Calibration  Tests.  The  modified  gas  flow  generator  was  cold-flowed  (in  a 
steady-state  flow  mode)  in  a  series  of  calibration  tests  to  obtain  flowrate  ( 

vs  valve  position  data.  A  nominal  supply  pressure  of  2000  psi  was  used,  and 
flows  of  both  nitrogen  and  helium  were  made  through  connecting  tubes  of  three 
different  diameters  to  a  tank  prepressurized  to  two  pressure  levels.  Examples 
of  the  resultant  calibrations  are  shown  in  Fig.  36  for  nitrogen  and  in  Fig.  37 
for  helium.  The  similar  shapes  of  the  three  curves  on  each  of  these  figures 
were  interpreted  as  an  indication  that  the  control  valve  exercised  effective 
control  that  was  not  unduly  influenced  by  the  gas  supply  system  characteris¬ 
tics.  This  interpretation  was  later  recognized  as  being  erroneous. 


Ramp  Flow  Tests.  One  type  of  flowrate  vs  time  profile  thought  to  be  desirable 
for  stability  ratings  is  a  linear  ramp,  i.e.,  a  constant  rate  of  flowrate 
increase.  Achieving  such  a  ramp  requires  a  valve  position  vs  time  history 
that  is  different  than  linear  in  order  to  remove  the  nonlinearities  of  the 
flowrate  vs  position  calibration.  The  gas  flow  generator  used  a  Donner  Model 
3100  diode  function  generator  to  accomplish  this  control.  This  device 
can  be  used  to  generate  any  desired  function  by  approximating  it  with  a 
sequence  of  24  straight  line  segments.  The  control  circuit  compares  the 
output  of  the  function  generator  with  the  output  of  a  valve  position 
transducer  and  varies  the  hydraulic  pressure  supply  to  a  hydraulic  valve 
actuator. 

Using  the  calibration  curves,  function  generator  settings  were  adjusted  to 
produce  linear  flowrate  ramps.  Both  nitrogen  and  helium  flows  were  evaluated 
with  various  values  of  ramp  slope  (rate  of  change  of  flowrate).  Some  results 
of  these  experiments  are  shown  in  Fig.  38  for  nitrogen  and  in  Fig.  39  for 
helium.  All  three  ramps  in  each  of  those  graphs  were  produced  with  a  single 
array  of  setting  of  the  function  generator;  only  the  duration  of  the  ramp 
was  varied.  Vith  nitrogen  (Fig.  38),  the  data  points  were  within  *0.2  lbm/sec 
of  the  desired  linear  ramps  for  sll  flows  having  ramp  flow  durations  greater 
than  0.23  second.  Shorter  duration  ramps  can  be  made  with  reduced  linearity 


Figure  36.  Nitrogen  Flowrate  vs  Valve  Position  Calibration  for  Modified 
Gas  Flow  Generator 


Figure  37»  Belie*  Flowrate  vs  Valve  Position  Calibration  for  Modified 
Gee  Flow  Generator 


Nltrofon  Flimttl  Produced  by  the  Modified  Gao  Flov  Generator 


Figure  39»  Linear  famp  Helium  Flowrates  Produced  by  the  Modified  Gas  Flow  Generator 


using  ths  asms  array  of  function  generator  sett  infs  or,  given  additional 
cold  flow*,  a  corrected  array  of  settings  for  improved  linearity  could  be 
developed.  Usable  ra^>s  with  durstions  ss  short  as  0.1  second  are  possible, 
but  even  shorter  durstions  are  limited  by  imprecision  of  gas  flowrate 
maasuramaata.  The  maxima  attainable  nitrogen  flowrate  was  just  over 
5  lba/sec  and  waa  somewhat  dependent  upon  the  tank  back  pressure. 

Yith  helium,  the  maxima  attainable  flowrate  was  approximately  1*5  lbm/eec, 
the  rump  slopes  for  particular  durations  were  correspondingly  reduced,  and 
the  data  points  were  within  0.07  lbm/eec  of  being  linear  for  ramp  durations 
greater  than  0.2?  second.  These  data  adequately  demonstrated  that  any 
desired  flow  function  could  be  produced  by  using  the  function  generator 
flowrate  control  technique. 

The  gas  to^wraiure  in  the  connecting  tribe  showed  little  vmrAibility  during 
the  flow  raaq>s.  All  values  were  within  10  degrees  Fahrenheit  of  the  supply 
temperature.  Mo  attest  to  correlate  these  small  changes  to  the  flow  condi¬ 
tion  was  ande. 

Similarly,  no  transient  pressure  spikes  or  surges  were  observed  with  the 
Kistler  transducer  in  the  connecting  tribe.  The  static  pressure  at  that 
point  waa  not  swasured. 

Additional  Flow  Generator  System  Modification!, 

The  foregoing  experiments  also  demonstrated ,  however ,  that  the  maximum 
flowrate  through  the  modified  gaa  generator  is  a  strong  function  of  the 
gaseous  supply  system's  pressure  drop  char* c ter i sties  as  well  as  a  function 
of  that  oys tom' a  initial  pressure.  The  first  factor  limits  the  generator's 
general  utility  in  that  every  installation  would  have  to  be  cold-flow 
characterised  individually  for  tbe  particular  gas  supply  system.  The 
second  factor  limits  the  generator's  local  utility  because  it  would  normally 
bo  supplied  from  a  gas  source  that  supplies  other  test  stand  needs,  such  as 
propellant  tank  pressurization ,  propellant  line  purging,  and  pneumatic  valve 


120 


actuation.  A  particular  value  of  source  gas  pressure  at  the  time  of  the 
test  cannot  normally  be  guaranteed,  so  the  slope  of  the  rasp  would  be  an 
essentially  uncontrolled  variable. 

Calculations  were  thus  made  to  determine  how  such  surge  tank  capacity 
would  be  required  to  sake  the  flow  generator  independent  of  the  gas  supply 
system  and  simultaneously  increase  the  maxima  attainable  flowrates.  The 
calculations  were  based  on  using  the  gas  supply  system  to  pressurise  a 
source  tank  of  arbitrary  volume,  located  in  the  system  as  shown  by  tank  (4) 
in  Fig.  34,  and  operating  the  system  in  a  blowdown  manner  with  no  addi¬ 
tional  gas  supplied  from  the  gas  supply  system.  The  calculations  are  some¬ 
what  conservative,  therefore,  in  that  longer  durations  or  slightly  higher 
maximum  flowrates  would  be  possible  if  additional  gas  were  admitted  during 
the  ramp  flow. 

The  previoub  flowrate  calibrations  were  used  to  estimate  pressure  drops  of 
the  system  downstream  of  the  source  tank  as  functions  of  maximum  gas 
flowrates.  Added  to  the  chaaber  pressure ,  this  gave  a  minimus  tank  pressure 
which  would  supply  a  particular  raxianm  flowrate.  The  tank  volume  was  than 
calculated  from 


w^d 


T  "  2(Pi  -  Pf ) 


(19) 


The  calculated  results  (Fig.  40)  show  that  a  surge  tank  volume  of  approxi¬ 
mately  2  cu  ft  would  have  provided  adequate  isolation  of  the  original  gen¬ 
erator  from  the  gas  systems.  The  anticipated  maxim*  flowrate  requirements 
of  3  lbm/sec  helium  and  10  lba/sec  nitrogen  could  not  be  met,  however;  even 
a  moderately  large  surge  tank  cannot  provide  these  maxima  flowrates. 

Similar  calculations  for  higher  initial  pressures  and  larger  diameter  tubes 
connecting  the  gas  flow  generator  to  the  combustor  revealed  that  the  desired 
maximum  flowrates  could  be  obtained  by  replacing  the  l/2-inch  diameter 
connecting  tube  with  a  3/4-inch  tube  and  providing  approximately  6  cu  ft  of 
surge  tank. 
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Figure  40.  Effects  of  Surge  Tank  Volume  and  Linear  Ramp  Duration  on  Maxi 
Gas  Flowrates 


Accordingly,  six  1-1/2  cu  ft  cartoon  dioxide  cylinders  were  installed  in 
parallel  to  proride  9  cu  ft  of  surge  capacity.  Simultaneously,  the  flow 
generator  was  moved  to  the  hot  firing  teat  stand  and  close-coupled  to  the 
rocket  motor  hardware. 

This  system  was  activated  on  the  test  stand  just  as  the  hot-firing  program 
was  ready  to  be  initiated.  When  the  repetition  of  the  flowrate  versus 
valve  position  calibration  tests  were  begun,  it  was  found  that  the  addi¬ 
tional  surge  voluae  made  it  possible  to  control  the  gaseous  flowrate  for 
a  linear  ramp  by  full  servo  control;  l.e. ,  by  cohering  the  actual  instan¬ 
taneous  flowrate  with  the  derived  flowrate  and  bypassing  the  valve  position 
control  per  se.  This  mode  of  control  made  use  of  an  existing  analog  cose- 
puter  network  which  was  already  partially  utilized  for  preprogrammed  valve 
position  function  i  jput  and  for  coaqmtation  of  flowrate  for  direct  readout. 
Linear  gas  flowrate  ramps  were  scheduled  for  initial  use  in  the  hot-firing 
program,  and,  because  the  cold-flow  calibrations  would  delay  starting  the 
hot-firings  by  approximately  a  week,  it  was  decided  to  use  the  full  servo- 
control  of  flowrate. 

Gas  flows  with  characteristics  other  than  linear  flowrate  ramps  would  still 
require  valve  position,  rather  than  direct  flowrate,  control.  It  was  intended, 
therefore,  to  conduct  the  calibration  tests  at  some  later,  more  convenient 
time  in  the  program.  As  is  discussed  later  in  this  report,  however,  the  gas 
flows  were  so  ineffectual  in  initiating  eoo&uation  instabilities  that  the 
rating  technique  was  eliminated  from  further  evaluation  before  thia  addi¬ 
tional  work  was  performed. 


SIMULATED  CHAMBER  STUDY 

A  chamber  assembly  from  the  hot-firing  hardware  was  temporarily  modified 
for  examining  the  effects  of  the  rating  devices  on  sprays  formed  by  one 
of  the  injectors  during  simulated  propellant  flows  using  water.  The  triplet 
pattern  injector,  described  later,  was  modified  by  plugging  all  orifices 
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except  those  in  the  outer  three  rings  in  tvo  bsffle  compartments.  All 
orifices  were  plugged  in  the  regaining  bsffle  compartment,  thus  leering 
s  field  of  riev  for  a  Fastaz  camera  daring  the  rater  flora.  The  injector 
ras  assenbled  to  the  combustion  chanber  aection  without  the  nozzle  section. 
In  this  nanner,  all  of  the  chamber  pulse  boss  and  bomb  Mounting  positions 
rare  Bade  arailable  for  use  during  the  simulated  propellant  flora. 

Testa  re  re  conducted  rith  rater  supplied  to  both  propellant  manifolds  at 
flowrates  such  that  the  nominal  mainstage  propellant  injection  velocities 
rare  modeled.  Blasts  from  pulse  guns  and  gaseous  nitrogen  flors  rere  in¬ 
troduced  radially  and  chordally  through  the  chanber  rail  and  bonbs  rere 
mounted  at  the  4.95**inch  radial  position  on  the  downstream  edge  of  a  baffle 
runs.  High-speed  photographic  records  rere  taken  rith  a  16-nillineter 
Fastaz  camera  haring  a  capacity  of  400  feet  of  film  and  a  maximum  framing 
rate  of  about  6000  frames/sec.  Photofloe  lamps  rere  used  to  illusinate 
the  rater  sprays  in  the  neighborhood  of  the  injector. 

The  photogrophic  results  rere  generally  less  than  satisfactory.  The  blast 
wares  from  both  the  boadi  and  pulse  gun  derices  so  rapidly  generated  and 
dispersed  a  dense  fog  that  the  camera's  field  of  riew  was  co^iletely  ob¬ 
scured  within  one  to  fire  frasms  and  remained  so  for  seeeral  milliseconds. 
These  photographs  rere  dramatic  illustrations  of  the  powerful  disruption 
of  steady-state  conditions  that  must  occur  in  an  operating  rocket  when  one 
of  these  derices  is  discharged,  but  nothing  quantitative  could  be  gained 
from  them.  With  the  gaseous  nitrogen  flow,  spray  displacement  could  be 
observed  to  proceed  rapidly  across  the  chamber  in  a  sequence  of  frasws, 
and  the  casera'g  field  of  view  remained  clear  until  the  first-displaced 
spray  had  splashed  onto  the  chamber  rail  opposite  the  gas  flow's  entry 
point.  While  it  appeared  that  quantitative  spray  behavior  data  could  be 
obtained  from  continued  studies  with  gaseous  flows,  the  simulated  chamber 
experiments  rere  terminated  because  they  could  not  (without  major  modifi¬ 
cation,  at  any  rate)  provide  quantitative  infoxmation  to  advance  the 
characterization  of  bombs  and  pulse  guns. 
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HOT-FIRING  PROGRAM 


The  relative  effectiveness  of  the  stability  ratine  techniques  in  estab¬ 
lishing  a  rocket  combustor's  stability  traits  vas  investigated  by  applying 
them  at  various  positions  in  an  operating  rocket  and  observing  their  effects 
on  its  stability.  Major  objectives  were  the  establishment  of  correlations 
between  the  rating  techniques'  characteristics  and  the  coadjutor's  response 
and  establishment  of  practical  correlations  between  different  rating  techniques. 

There  has  been  a  growing  trend  under  rocket  engine  developswnt  contracts  over 
the  past  few  years  toward  requiring  a  more  or  less  definitive  demonstration 
of  dynastic  stability,  i.e.,  rapid  recovery  to  steady-state  operation  after  a 
sizeable  disturbance.  Frequently,  one  of  the  stability  rating  techniques 
investigated  in  this  program  is  specified  as  the  disturbance  source.  For 
that  reason,  it  seemed  appropriate  that  an  engine  that  had  previously  been 
evaluated  as  dynamically  stable,  at  least  under  some  operating  conditions, 
be  used  during  this  program.  An  engine  from  an  earlier  program  was  deter¬ 
mined  to  have  the  right  coadbination  of  thrust  level,  propellant  experience, 
range  of  injector  experience,  and  stability  characteristics  to  form  a  base 
level  for  this  study  of  the  rating  techniques. 

A  number  of  modifications  were  necessary  to  make  existing  co^ionents  from 
that  engine  program  suitable  for  use  during  this  program.  An  ablative- 
walled  combustion  chamber  vas  replaced  with  a  metal-walled  clumber  to 
permit  installation  of  a  multiplicity  of  pulse  bosses  and  pressure  trans¬ 
ducer  ports.  An  aluminum  baffle  assembly,  built  as  an  integral  part  of 
the  injector  and  cooled  by  a  through-flow  of  fuel  which  vas  then  sprayed 
from  the  baffles'  downstream  edges,  vas  replaced  by  an  uncooled  copper 
assembly.  Two  existing  injectors  that  had  not  had  integral  baffles  were 
then  reworked  to  obtain  the  desired  injection  patterns. 
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Teat  Conditions 

The  hot-firing  pro  gran  via  conducted  on  Pad  3  at  the  Reaearch  Combustion 
and  Haat  Tranafer  laboratory.  Renote  control  of  the  notor  during  the 
hot  firingo  vaa  accomplished  with  preaet  sequenced  valve  signals.  Two 
Eagle  timers  ware  used  for  this  purpose.  The  first,  a  3-second-duration 
timer,  controlled  the  operating  signals  for  the  combustion  stability 
rating  devices  and  the  aain  propellant  valves.  The  second,  a  23-second- 
duration  timer  sequenced  the  high-speed  cameras  and  the  fuel-side  water 
flushing  system.  The  2.3-second  prograsmed  test  firings  began  with  a 
100  ±23  millisecond  oxidiser  lead  at  start,  with  a  120  ±23  millisecond 
fuel-rich  cutoff.  The  fuel  valve  pneumatic  cylinder  was  or  if  iced  to 
close  more  slowly  than  the  oxidiser  valve  to  ensure  a  fuel-rich  cutoff 
in  the  event  of  premature  test  termination.  A  water  flush  was  sequenced 
to  flow  through  the  fuel  side  of  the  injector  after  the  fuel  main  valve 
was  closed.  Gaseous  nitrogen  purges  were  applied  to  each  injector  pro¬ 
pellant  supply  line  during  startup  and  shutdown.  The  purge  was  auto¬ 
matically  terminated  during  the  start  sequenoe  by  a  check  valve  as  charter 
pressure  approached  the  nainstage  level. 

Nominal  operating  target  conditions  for  all  hot-firing  tests  were: 

Propellant:  N^O^  oxidiser,  N2H^-tJDMl( 50-50  )  and  UDMH  fuels 

Mixture  Ratio:  1.6  o/f 

Charter  Pressure:  130  psia 

Disturbances  from  maximnm  of  four  rating  devices  were  introduced  during 
each  test.  The  explosive  bombs  were  always  signaled  first  to  avoid  thermal 
initiation;  each  subsequent  device  was  sequenced  at  400-millisecond  inter¬ 
vals.  A  total  of  148  disturbances  by  the  various  rating  devices  were 
introduced  into  the  combustion  charter  during  86  hot-firing  tests. 
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Tett  Hardware  Description 

The  aotor  test  hardware  consisted  of  sn  injector  and  thrnst  chamber 
assembly  as  shown  in  Fig.  41.  The  aotor  developed  10,500  pounds  of  thrust 
at  150-psia  chamber  pressure. 


Combustion  Chamber.  The  combustion  chamber  wss  of  conventional  design, 
being  comprised  of  a  right  circular  cylindrical  section  and  a  deLoval 
nozzle.  The  cylindrical  portion  had  an  inside  diameter  of  11.41  inches 
and  extended  to  8.00  inches  froa  the  flat-faced  injector  plane;  the 
first  6.25  inches  of  that  length  was  foraed  by  an  uneooled  copper  section 
which  was  fitted  with  pulse  inlet  and  transducer  ports  and  slotted  to 
receive  the  baffle  assembly  as  shown  in  Fig.  42. 

The  coabustor  contained  nine  pulse  boss  positions,  offering  chorda-1, 
tangential,  and  radial  directions  at  three  different  axial  distances  froai 
the  injector  face.  Each  boss  position  was  designed  to  accept  the  burst 
diaphraga  holder  (barrel)  section  of  the  pulse  gun  apparatus  and  a  aa chined 
adapter  for  the  gas  flow  generator  pulsing  device.  Further,  each  boaa  port 
disaster  could  be  varied  to  provide  a  diaaeter  of  0.515»  0.430,  and  0.370 
inches  for  these  two  pulse  rating  devicea.  Eight  Photocon  pressure  trans¬ 
ducer  ports  were  initially  located  within  the  combustion  ebaaber;  two 
additional  ports  were  strategically  added  during  later  hot-firing  tests. 

The  explosive  bombs  were  installed  at  three  different  radial  positions  in 
the  chamber  by  attaching  then  to  the  dovnstreea  edge  of  one  baffle  blade. 

An  attachaent  net  hod  was  devised  to  avoid  Manual  screw  thread  engagement  of 
the  boab  case.  The  new  aathod,  sketched  in  Fig.  43,  employs  a  slotted  end 
on  the  boab  case,  with  a  shoulder  that  engages  an  enlarged  section  in  the 
■sting  baffle  hole  by  snap  action.  Quick,  positive  engsgeaent  waa  thus 
achieved  without  the  risk  of  breaking  the  electrical  connections  by  twisting 
the  leads. 
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Several  exaaplea  of  typical  boobs  are  shewn  in  Pig.  44  .  Two  exaaplea 
of  the  anap-action  attachment  device  are  shown;  one  has  a  threaded  end 
for  engaging  feaale  threads  in  the  bat  case,  and  the  other  has  a  blind 
end  for  plugging  honb-nounting  ports  that  are  not  in  use. 


A  three-compartment ,  1.6- inch- long,  uncooled  baffle  conf iguratien  was 
used.  The  baffle  section  was  Machined  frost  a  single  copper  block  and 
fitted  into  the  machined  slots  in  the  copper  cssd> nation  ch saber  section 
(71..  42).  The  baffle  blade  containing  the  bosh  receptacle  holes  had  an 
internal  drilled  channel  for  conducting  the  electrical  leads  through  the 
chaaber  wall.  The  leads  were  externally  sealed  at  the  chaaber  wall  with 
a  drilled  Teflon  compression  fitting.  The  geoaetrical  relationships 
aaong  the  various  bosses  and  baffles  are  shewn  in  Fig.  45»  which  is  drawn 
as  if  the  viewer  were  looking  through  the  injector. 

Transparent  Qio^r.  1  transparent  cow  roster  section  waa  designed  to 
perait  photographic  visualisation  of  the  c sab notion  process.  The  trans¬ 
parent  section  was  interchangeable  with  the  copper  c senator.  A  photograph 
of  the  assembly  is  given  in  Fig.  46  .  .The  transparent  chaaber  wns  aachined 
frea  Plexiglas  and  consisted  of  a  cylindrical  section  with  1- inch- thick 
walls  with  serrations  aachined  at  both  ends  for  sealing.  A  radial  copper 
pulse  gun  boss  was  attached  for  one  test  firing.  The  walls  of  the  trans¬ 
parent  section  were  slotted  to  hold  the  baffle  assembly  in  a  aanaer  aiailar 
to  the  solid  copper  section  design.  Inch  transparent  crab  us  tor  was  useable 
for  only  one  short  duration  test  firing. 


Moggie.  The  noggle  section  was  of  uocsoled,  Bokide-coated ,  type  4110 
steel  construction.  Its  1.75- inch- long  cylindrical  section  Hatched  that  of 
the  cylindrical  coubuster  auction  and  was  followed  by  convergence  to  a 
7.17-inch  diaaeter  throat  15*00  inches  froa  the  injector  plane.  The  nsadnal 
chafer  contraction  ratio  was  2.54.  The  nozzle  exit  was  6.25  inches  froa 
the  throat  with  an  expansion  ratio  of  2.15.  The  noggle  section  contained 
one  Fbotocon  instrumentation  port  and  an  explosive  boat)  ne anting  hole. 
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Transient  conduction  heat  transfer  calculations  were  made  and  it  was 
predicted  that  even  if  the  Rokide  coating  were  lost,  run  durations  up 
to  5-seconds  could  be  made  without  exceeding  the  surface  melting  tem¬ 
perature  of  the  steel  nozzle.  The  Rokide  coating  started  to  flake  off 
after  about  fifteen  tests,  and  no  nozzle  erosion  was  experienced. 

Injectors.  Two  different  injectors  were  used;  a  face-view  of  one  injector 
with  the  uncooled  copper  baffle  resting  on  the  triplet  pattern  is  shown  in 
Fig.  47*  The  other  injector,  Fig.  48,  has  a  symsetrical  pattern  of  self- 
impinging  doublet  (like- on- like)  and  unlike  doublet  elements.  Examination 

of  Fig.  4?  shows  that  there  are  four  concentric  circular  rows  of  triplet 
elements .centered  over  the  oxidizer  rings.  (Near  the  center  of  the  injector, 
a  small  number  of  unlike  doublet  elements  provide  some  propellant  injection 
in  corners  too  small  for  the  triplets.)  There  are  slight  variations  in  hole 
sizes  from  ring  to  ring  to  balance  the  propellant  mass  and  mixture  ratio 
distributions.  A  "typical"  triplet  element  is  composed  of  a  single  0.0700- 
inch-diameter  oxidizer  injection  orifice,  drilled  normal  to  the  injector 
face,  and  a  pair  of  0.0420- inch-diameter  fuel  injection  orifices  drilled 
at  a  55-degree  angle  to  the  face  to  provide  symsetrical  impingement  of  both 
fuel  streams  on  the  oxidizer  stream  at  a  distance  of  0.5?l-inch  from  the 
injector  face.  Showerhead  fuel  holes  in  the  outer  fuel  ring,  which  originally- 
provided  wall  film  coolant,  were  plugged  by  velding  over  them. 

The  second  injector  (Fig.  48  )  has  a  synaaetrical  mixture  of  self- impinging 
doublet  (like- on- like)  and  unlike  doublet  elements.  A  typical  example  is 
0.0420-inch-  and  0.0390- inch-diameter  holes  for  the  fuel  and  oxidiser, 
respectively,  with  the  self-inpinging  doublet  holes  drilled  to  impinge 
0.571  inch  from  the  injector  at  a  36-degree  included  angle  and  the  unlike 
doublets  drilled  to  impinge  0.633  inch  from  the  injector  at  a  35-degree 
included  angle.  To  balance  the  streams'  transverse  momentum  coaponents, 

15  degrees  of  that  latter  angle  is  formed  by  the  oxidiser  stream  and 
20  degrees  by  the  fuel  stream. 
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The  test  motor  vss  mounted  horisontslly  within  a  baffled  ateel  test  pit 
enclosure  to  provide  isolation  froa  the  propellant  ran  tanks.  A  drainage 
spates  was  installed  for  voter  dilntion  and  subsequent  runoff  of  all 
spilled  propellants  to  a  safe  area. 


Propellant  Systems.  The  WTO  vas  supplied  fros  a  5000-psi,  39-gallon 
spherical  run  tank  and  vas  pressurised  with  a  2400- pei  gaseous  be lion 
bottle  bank.  The  WTO  vas  stored  in  a  2000- pound  forged  steel  cylinder, 
and  vas  pernanently  connected  to  the  run  tank.  Approximately  thirty 
tests  at  130-psia  chamber  pressure  were  achieved  per  cylinder  of  NTO. 

The  fuel  vas  supplied  fros  a  5000-pai,  33-gallon  ran  tank  and  vas  pres¬ 
surised  with  5000-psi  gaseous  heliun.  A  achenatic  drawing  of  the  complete 
system  is  a.  'wn  in  Fig.  49  •  Both  propellant  systems  were  pltabed  normally 
closed  to  prew^t  atmospheric  contamination  with  vapors.  Hand  operated 
vent  valves  were  tillable  on  each  tank  for  emergency  venting  operations. 


Each  propellant  feed  syw'em  consisted  nominally  of  fifty  feet  of  1-1/2- 
inch  diameter  plumbing  and  contained  two  l-l/2-inch  shutoff  valves.  Average 
values  for  the  NTO  and  fuel  t.nk  pressurizations  were  345  psig  and  265  psig, 
respectively,  for  150-psia  chamber  pressure  operation. 


Instramentat ion .  Basically,  two  kinda  vf  transducer  data  were  acquired  from 
each  firing:  steady-state  operational  control  data  and  transient  stability 
data.  Steady-state  data  include  propellant  flowrates,  static  pressures  in 
propellant  tanks,  injection  manifolds,  the  cvmbustiop  chamber  and  gas  pulse 
supply  system,  as  veil  as  valve  timing  and  sequence  information.  These  data 
were  recorded  with  an  18-channel  oscillograph  1  id  several  recording  poten- 
tioaMters. 


The  primary  transient  data  were  rapid  pressure  flu  vtuations  in  the  combustion 
chamber  and  in  the  propellant  manifolds.  These  wire  measured  with  strategically 
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located,  water- coo led ,  (luh-Mnttd  Riotoeon  prunre  transducers. 
Phetecea  locations  during  each  hot  firing  are  shown  in  Pig.  45. 

Medal  1345  transducers  vara  used  ta  Measure  charter  pressure  fluc¬ 
tuations.  Inter  in  the  progran,  two  Msdal  525  transducers  vere  added 
ta  the  charter  in  pesitiens  H  and  I.  Pressure  escillations  in  the 
propellant  Manifolds  vara  Measured  with  two  Medal  775  transducers. 

A  Baugh  Certustiaa  Monitor  (BCM)  ays  tea  was  eaployed  to  autanatically 
tandaata  each  test  firing  whan  a  certain  level  of  cort nation  insta¬ 
bility  vas  achieved.  The  input  ta  the  BCM  during  all  solid  vail  tests 
was  the  signal  generated  by  charter  pressure  fhotocon  A.  The  output 
of  fuel  Manifold  fheton  E  vas  used  during  the  two  transparent  vail 
Meter  firings.  The  BCM  unit  was  calibrated  to  teminate  the  test 
firing  when  the  Phot  scan  transducer  input  exceeded  50  psi  peak-to- 
peak  pressure  oscillation  for  100  arilliseeonds. 

For  each  test  firing,  a  naxlnnw  of  five  Photocon  outputs  vere  recorded 
on  an  Apex  Model  IB-100  seven -channel  tape  recorder.  Also  recorded 
there  was  the  output  of  an  aeceleroowter  Mounted  on  the  outside  of 
the  injector  plate  and  a  1000-cps  tine  base  that  vas  used  for  cross- 
correlation  between  recorded  data  and  the  streak  end  awtion  picture 


Teat  HietosranhT.  During  the  solid-wall  charter  tests,  high-speed 
notion  pictures  wore  taken  of  the  exhaust  plane  with  a  16-nil  line  ter 
Fas  tax  canera  located  at  one  side  of  the  charter  and  of  the  ccrt  nation 
within  the  charter  with,  a  Fas  tax  caanra  positioned  beside  the  exhaust 
plwe  and  looking  up  the  exhaust  nossle.  The  latter  canera 's  field  of 


▼lev  cor* red  about  one- third  of  the  injector  face  and  usoalljr  included 
the  baffle  vane  on  which  the  majority  of  the  explosive  boubs  were 
nounted : 


Framing  rates  19  to  about  5  to  6000  frames/sec  with  the  standard  16- 
millineter  camera  and  10  to  12,000  frames/sec  with  a  half-fraue  earners 
were  normally  taken.  The  total  exposure  tine  for  a  400- foot  roll  of 
film  was  approximately  equal  to  the  2- 1/2- second  sequenced  rum  daratism. 

Modified  16  millimeter  Fas  tax  cameras  were  used  to  obtain  resale  view 
streak  photographs  simultaneously  with  the  motion  pictures.  The  streak 
films  were  taken  primarily  to  obtain  continuous  records  of  the  1  mol  nous 
enission  from  particular  narrow  fields  of  view;  the  films  gave  data  on 
the  type  of  chamber  instabilities.  In  the  earliest  attempts  to  use  this 
technique  on  this  program,  the  camera  viewed  a  circumferential  sopsost 
just  downstream  of  the  nosile  exhaust  plane;  no  success  in  instability 
mode  identification  was  achieved  here.  Later,  toward  the  end  of  the 
program,  the  streak  camera  was  positioned  to  view  portions  of  the  injector 
face,  just  as  the  motion  picture  cameras  had. 
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Tkm  atnak  fllai  «m  obtained  by  removing  the  framing  prism  from  the 
r— me  and  installing  0.002  te  0.005- inch  vide  elite  at  the  file 
pl«Mt  perpemdiealar  te  the  file  edges.  The  rapidly  moving  file  vae 
ceetiawuljr  ezpeaed  te  the  coabastiea  preeeee  luminous  emiaeioo  from 
a  eairrav  field  ef  viev  ef  iatereet.  hie  cam  re  vae  aligned  to  provide 
a  field  ef  viev  parallel  te  erne  taffle  vane.  Aether  etreak  canera, 
‘elalag  a  circalar  are  slit,  vae  aligned  alone;  the  injector  periphery 
far  an  approximate  100  degree  are  eegaeat. 


attended  camra  coverage  vae  need  on  the  two  transparent  motor  firinga. 
la  addition  te  the  tve  Fee  tax  and  tvo  etreak  rami  roe  previooely  diacueeed 
for  the  solid-wall  dumber  testa ,  three  mere  nation  two  no  re  etreak 
cemraa  were  atiliaed  for  the  transparent  notor  bet  firings,  (be  of  the 
added  etreak  eamraa  vae  aligned  vith  ite  slit  field  of  viev  parallel  to 
the  chaaher  axis  end  extending  fraa  the  baffle  tip  te  a  point  4.75  inches 
downstream.  The  ether  etreak  camra  vas  aligned  vertically  (or  c ir ef¬ 
ferent  ielly)  vith  the  narrow  field  ef  viev  located  0.25  inches  downstream 
ef  the  baffle  edge.  The  physical  arrangement  of  the  four  etreak  cemraa 
ie  depicted  in  Fig.  50  .  Two  new  notion  Fee  tax  canera*  were  added  to 
ebtaia  c l*eeep  view*  ef  the  propel] eat  injection  region.  The  other  earner) 
vae  a  70  Millimeter  20  fps  device  which  provided  overall  vieva  of  the 
tramsparemt  dumber  firings.  Fig.  51* 


EXHHIMENTAL  RESULTS 


A  total  ef  86  het-firing  teste 


tien  c! 


-firing  teste  me  conducted  during  thie  program;  148 
r  disturbances  were  generated  by  the  rating  devicea. 


A  nininm  unbar  of  problems  vae  encountered  daring  operation  of  the 
experimental  test  program.  Otoly  two  teste  resulted  in  hardvare  dam, 
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Figure  31.  Trane parent  Chamber  Firing 


both  were  associated  with  failures  of  the  BCM  lyitra.  Minor  erosion  of  the 
uncooled  copper  baffle  assembly  resulted  on  test  003  following  a  two- second 
period  of  sustained  instability.  A  similar  failure  on  teat  067  resulted  in 
injector  face  erosion  and  subsequent  loea  of  the  triplet  injector. 

Control  of  the  operational  test  conditions  was  usually  quite  satisfactory, 
although  an  occasional  test  exhibited  an  inordinately  lew  (or  high)  chamber 
pressure  (or  mixture  ratio).  Pertinent  data  frost  each  firing  are  listed  in 
Table  11  .  Average  values  of  those  parameters  which  appear  in  Table  11  aa 
well  as  some  other  variables ,  are  given  in  Table  12  for  all  firings  with 
both  injectors. 

The  characteristic  velocity  efficiency  data  were  caaqnited  to  evaluate  the 
actual  percent  of  theoretical  performance  achieved.  Actual  c*  performance 
was  calculated  by  the  following  eqiutioua: 

(20) 

where 

y/y- 1 


n 

The  injector-end  chamber  pressure ,  (Pc  . ,  was  measured  with  a  strain- 
gauge  pressure  transducer  with  the  tap  flush-mounted  at  the  injector  faoe. 
The  c*  calculation  was  based  upon  the  nozzle  inlet  stagnation  pressure 
(Pc)^  and  asstmwd  isentropic  flow  conditions  within  the  nozzle.  Tbr 
following  observations  are  made  with  reference  to  Tables  11  and  12. 

The  average  chaaber  pressure  for  the  76  tests  with  NgH^-UJMI  (50-50)  fuel 
was  150.76  psia  with  both  the  triplet  and  doublet  injectors.  The  c* 
efficiency  for  the  triplet  was  3  percent  higher  than  with  the  doublet 


1.58  54.60  13.40  21.20  96.9 

1.60  34.43  13.25  21.18  97.5 
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Transparent  hot-firing  teata 
Deaonatr&tion  hot-firing  teata 


tabu;  12 


AVStAGE  VALUES  OF  OPEBATKKAL  PARAMETERS 


Inlecter  Type 
Triplet  Dsuhlet 


Injection  Perfornance 


Riel 

50-50 

50-50 

png 

Injector  Ehd  Pc ,  polo 

150.76 

150.76 

145.10 

Characteristic  Velocity,  ft/sec 

5,466 

5,295 

5.258 

Characteristic  Velocity  Efficiency,  percent 

97.6(1)  94.6(1) 

95.6  (2) 

Mixture  Ratio,  o/f 

1.54 

1.59 

1.50 

Injection  Ifcraaeters 

Number  Oxidiaer  Orifices 

180 

420 

420 

Nnnber  Riel  Orifices 

348 

420 

420 

Oxidiaer  Injector  Area,  oq  in. 

0.6519 

0.5077 

0.5877 

Riel  Injector  Area,  oq  in. 

0.4661 

0.4872 

0.4872 

Oxidiaer  Flowrate,  1  bn/sec 

21.09 

22.07 

20.81 

Riel  Flowrate,  1  fan/a ec 

13.66 

13.80 

13.86 

Oxidiaer  Injector  fresoure  Drop,  poi 

77.1 

102.4 

99.4 

Riel  Injector  Pressure  Drop,  poi 

50.5 

49.9 

56.7 

Oxidiaer  Discharge  Coefficient 

0.578 

0.584 

0.55B 

Riel  Discharge  Coefficient 

0.820 

0.798 

0.803 

Oxidiaer  Injection  Velocity,  ft/sec 

51.3 

59.5 

56.2 

Riel  Injection  Velocity,  ft/sec 

74.3 

72.1 

83.3 

(1)  Baaed  upon  5604  ft/aec  froaen  theoretical  characteristic  Telocity 
at  noscle  inlet  staghation  conditions. 

(2)  Baaed  upon  5500  ft/aec  froaen  theoretical  characteristic  velocity 
at  noaale  inlet  stimulation  conditions. 
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injector.  A  slightly  higher efficiency  vai  obtained  vith  UDB  foe)  than 
with  Ngl^-OMI  (90>90)  fuel.  The  oxidiser-side  injector  pres* ore  drop 
was  29  higher  vith  the  dash  let  dne  to  the  Mailer  total  orifice 
injector  area. 


A  total  of  148  disturbances  by  the  rating  technique  a  were  introduced  into 
the  cassation  chaarieor  daring  the  86  hot-firing  tests.  Three  or  four 
disturbances  aero  scheduled  to  occur  within  the  nainstage  portion  of  each 
toot;  if  one  of  the  earlier  disturbances  initiated  a  sustained  instability, 
the  tost  was  usually  to  ruinated  by  the  KM  device  before  the  next  dis¬ 
turbance  was  sequenced  to  occur.  Because  thenondirectional  explosive  boubs 
wore  susceptible  to  therual  initiation  during  their  exposure  to  the  high- 
tea^eroture  combustion  chauber  envireunent  and  also  because  they  were 
likely  to  he  broken  or  dislodged  by  even  a  few  cycles  of  transverse  pres¬ 
sure  wave  nation,  only  one  bead)  was  installed  for  a  firing  and  it  was 
always  the  first  sequenced  of  the  rating  devices.  The  directed  gas  flow 
rating  technique  was  intended  to  be  used  as  a  standard  pulse,  with  a  fixed 
position  of  application  to  the  chaster,  for  establishing  both  long- tern 
consistency  of  the  cenbuster’s  stability  and  reproducibility.  This  dis¬ 
turbance  was  therefore  alawst  invariably  sequenced  as  the  last  one,  vith 
the  anticipation  of  obtaining  a  rating  whenever  the  caafcustion  process 
had  recovered  freu  all  of  the  earlier  disturbances. 


Explosive  Bcuha.  A  total  of  56  boohs  all  fron  the  high-explosive  series, 
was  installed  in  the  combustor.  The  hot- firing  tests  which  had  bombs, 
the  bomb  paraueters,  and  their  locations  in  the  coubustion  cham>er  are 
presented  in  Table  13.  Also  tabulated  are  the  values  of  the  initial 
disturbance  peak  pressures  recorded  frou  the  speed-reduced  oscillographs. 
All  except  three  boubs  are  believed  to  have  produced  valid  perturbations. 
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H I UH- EXPLOSIVE  BOMBS  USED  DURING  THE  HOT-FIRING 

Chamber  Location* 

Bo»b  D«gi-P  Pr— ter. _  W.U»c« 


Charge  Charge  Case  From 

Test  Injector  Weight,  L/D  Thickness,  Radius,  Injector, 

No.  Type  Fuel  grains  Ratio  inches  inches  inches 


WT-FIRINC  niOURAM 


itimi 

Fhotocon 

Transducer  Initial  Pressure ,  pti 

- -v 

Stability  ResultB 

istance 
fm 
njfrtcr , 

laches 

A 

B 

C 

F 

(i 

H 

I 

u  (l) 

Modes '  ' 

2.96 

154 

130 

178 

2T 

11 

3.12 

83 

254 

156 

2T,1T-2T,3T-1R 

RCM^ 

312 

Stable 

3.12 

Stable 

385 

Stable 

2.15 

196 

187 

233 

2T,1T-2T,1T-3T,3T-1R 

RCM 

5.67 

159 

92 

160 

2T,3T-1R 

RCM 

4.48 

170 

162 

204 

200 

1T-2T, 2T 

5 

3.23 

239 

238 

255 

280 

1T-2T,1T,1T-3T,3T-1R 

RCM 

3.23 

239 

234 

263 

260 

1T-2T,1T-3T,3T-1R 

RCM 

3.33 

62 

81 

140 

88 

1T,1T-3T,3T-1R 

RCM 

4.58 

42 

43 

66 

66 

1T-2T, 1T-3T, 3T-1R 

RCM 

3.79 

218 

220 

260 

207 

1R.3T-1R 

RCM 

4.65 

43 

42 

40 

41 

Stable 

4.55 

178 

190 

140 

159 

1R,3T-1R 

RCM 

5.77 

38 

39 

63 

70 

1T-2T,1T,1T-3T,3T-1R 

RCM 

5.67 

140 

131 

178 

206 

2T, IT, 1T-3T, 3T-1R 

RCM 

4.00 

130 

167 

92 

UNK,  3T-1R 

RCM 

4.00 

81 

63 

156 

198 

UNK,  3T-1R 

RCM 

3.33 

70 

70 

147 

228 

2T-1T,3T-1R 

RCM 

3.33 

74 

70 

106 

94 

1T,1T-3T,3T-1R 

RCM 

3.23 

207 

183 

227 

305 

2T-1T,1T-3T,3T 

38 

3.23 

234 

189 

250 

352 

2T, IT, 1T-3T 

10 

3.33 

103 

78 

194 

207 

2T-1T, IT 

8 

3.23 

360 

305 

382 

362 

3T , IT , 1T-3T 

14 

3.23 

295 

244 

310 

3T,2T-1T,1T-3T 

18 

153 

a 


table  13 

(Continued) 


Test 

No. 

Injector 

Type 

Fuel 

Bomb  Design  Parameters 

Chaaber 

Locations 

1 

Radius, 

inches 

Distance 

Pro* 

Injector, 

inches 

Charge 

Weight, 

grains 

Charge 

L/D 

Ratio 

Case 

Thickness , 
inches 

A 

044 

Dou 

>let 

5& 

-50 

13.5 

2.7 

0.280 

2.85 

3.23 

225 

045 

13.5 

2.7 

0.170 

3.97 

4.00 

281 

046 

13.5 

2.7 

0.170 

4.95 

5.67 

107 

047 

5.5 

1.3 

0.170 

4.95 

5.77 

81 

048 

13.5 

2.7 

0.170 

0 

3.79 

317 

049 

13.5 

2.7 

0.170 

4.95 

3.23 

F 

1 

5.5 

1.3 

0.170 

4.95 

3.33 

144 

5.5 

1.3 

0.170 

4.22 

258 

1 

13.5 

2.7 

0.170 

2.85 

4.55 

208 

5.5 

1.3 

0.170 

2.85 

3.33 

155 

1 

5.5 

1.3 

0.170 

2.85 

5.77 

65 

1 

5.5 

1.3 

0.280 

4.95 

3.33 

70 

3-2 

0.170 

0 

333 

188 

1 

13.5 

0.500 

4.95 

3.23 

100 

1 

13.5 

1 

0.170 

4.95 

3.40 

165 

064 

13.5 

1 

0.110 

3.62 

10.2 

245 

13.5 

1.0 

0.170 

2.85 

3.40 

230 

067 

Triplet 

13.5 

2.7 

0.110 

3.62 

10.2 

220 

068 

Doublet 

13.5 

2.7 

0.170 

4.95 

3.23 

160 

1 

13.5 

2.7 

0.170 

0 

3.23 

304 

I 

15.5 

2.7 

0.170 

0 

3.23 

271 

5.5 

1.3 

0.170 

4.95 

3.12 

83 

! 

3.2 

1.0 

0.170 

4.95 

3.33 

50- 

-50 

13.5 

2.7 

0.110 

3.62 

10.2 

080  | 

\ 

13.5 

2.7 

0.062 

4.95 

3.23 

200 

} 


Photocon  Transducer  Initial  Pressure,  psi 


Stability  Results 

Modes 

Damp time, ms 

1T-2T , 1T-3T , IT , 1T-3T , 3T 

33 

1T,2T 

26 

1T-3T, IT 

6 

1T-2T, IT, 1T-3T,  3T-1R 

RGM 

1R,3T-1R 

RCW 

2T-6T, IT, 1T-3T 

28 

2T-0T , 3T 

21 

2T-6T , 2T 

6 

IT 

4 

2T, IT, 1T-3T, 3T-1R 

18 

2T,1T-3T,3T-1R 

RCK 

2T-6T, IT 

8 

iH,3T 

RO. 

IT 

6 

IT, 1T-3T, 3T-1R 

RGM 

1T,1T-3T 

16 

1T,1T-3T,3T 

20 

UNK,  3T-1R 

RCM 

2T, IT , 1T-3T, 3T-1R 

RCM 

1R.3T-1R 

RCM 

1R,2T 

RCM 

1T-2T, 2T 

RCM 

1T-2T, 2T 

RCM 

IT 

22 

1T,3T 

17 

^4 


Y  *« 


TABLE  13 
(Concluded) 


Test 

No. 

Injector 

Type 

Fuel 

Bomb  Design  Para 

meters 

Chamber 

Locations 

Radius 

inches 

Distance 

From 

Injector, 

inches 

Charge 

Weight, 

grains 

Charge 

l/d 

Ratio 

Case 

Thickness , 
inches 

081 

Dou 

>let 

50- 

•50 

13-5 

2.7 

0.170 

4.95 

2.55 

082 

6.9 

0.170 

4.95 

3-33 

083 

13.5 

2.7 

0.250 

0 

3.23 

085 

13.5 

2.7 

0.170 

4.95 

3.23 

086 

13.5 

2.7 

0.170 

4.95 

3.23 

(1), 


T  represents  a  tangential  node 
R  represents  a  radial  mode 
T-R  represents  coexistent  modes 


represents  premature  cutoff  due  to  sustained  instabilities 


'  *  V  ■'».  t* 


Photocon 

Transducer  Initial  Pressure,  psi 

Stability  Results 

A 

B 

C 

F 

G 

H 

I 

Modes 

Dai  tise .  ms 

215 

245 

260 

308 

254 

1T-2T,3T-1R 

RGM 

137 

189 

231 

223 

138 

1T-2T,1T,3T-1R 

RCM 

300 

320 

315 

271 

268 

344 

1R,3T-1R 

RCM 

205 

295 

248 

243 

1T-2T.3T-1R 

22 

213 

288 

303 

265 

2T,3T-1R 

14 

The  first  three  bombs  installed  at  the  center  of  the  chamber  (during 
Testa  No.  004  .  005.  and  006)  were  subsequently  determined  not  to  have 
fired  within  the  time  increment  from  bomb  fire-signal  to  the  first  pulse 
gun  firing.  The  insulation  was  presumably  melted  from  the  electrical 
lead  wires  where  they  passed  under  open  boab-installation  ports  in  the 
baffle  assembly  so  thutthe  bomb- fire  signal  was  shorted;  the  later 
practice  of  putting  a  blind  plug  in  any  of  those  ports  which  hud  lead 
wires  under  them  eliminated  that  problem.  The  bombs  in  Tests  No.  042 
and  051  detonated  thermally  after  the  nylon  case  broke  loose  and  slipped 
off  the  13.5~grain  blasting  cap.  The  data  from  these  two  tests  were 
treated  as  though  the  bomb  case  consisted  of  zero  thickness. 

Pressure  records  from  combustion  chamber  Rtotocons  were  examined  to 
determine  the  combustor's  stability  response  for  each  perturbation.  A 
typical  pressure  record  is  reproduced  in  Fig.  52  ,  where  it  is  seen  that 
the  stability  response  may  be  quite  complex.  In  this  case,  the  initial 
disturbance  triggered  a  moderately  high-amplitude,  second  tangential 
acoustic  instability.  At  the  same  tine,  however,  the  propellant  sprays 
which  had  been  burning  with  a  steady-state  distribution  in  the  combustion 
chamber  were  burned  at  a  much  higher  than  average  rate.  As  a  result,  the 
mean  chamber  pressure  was  momentarily  substantially  higher  than  average. 

As  a  further  result,  the  propellant  injection  rate  must  have  been  drastically 
reduced.  The  initial  second  tangential  mode  found  little  sustaining  energy, 
and,  as  the  chamber  pressure  decayed  below  normal,  it  was  attenuated. 
Resumption  of  propellant  injection  apparently  re-established  a  propellant 
spray  field  better  able  to  sustain  a  first  tangential  acoustic  mode  since 
that  mode  was  seen  to,  arise  out  of  the  depth  of  the  chamber  pressure's 
lowest  level.  After  about  5  milliseconds,  that  mode  was  replaced  by  a 
pair  of  coexistent  acoustic  modes:  the  third  tangential  (baffle  compartment 
mode)  and  the  first  radial.  This  combination  was  then  sustained  to  engine 
cutoff. 
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th#  CNtuior'i  stability  behavior  in  response  to  the  bombs  is  summarized 
la  bar-chart  form  for  the  triplet  injector  in  Fig.  53  and  the  doublet 
injector  in  Fig.  54  •  In  addition  to  changes  in  boob  charge  weight  and 
chamber  locations,  parametric  changes  in  case  material,  L/D  ratio,  wall 
tkieknaaa  and  fuel  type  were  made  with  the  doublet  injector. 

Along  the  abscissa  of  these  charts  are  listed  increasing  values  of  axial 
distance  from  the  injector  face  to  the  center  of  the  bomb's  explosive 
charge  for  three  different  values  of  radial  distance  from  the  center  of 
the  dumber  to  the  boob's  cylindrical  axis.  (Four  bombs  which  were 
inserted  into  the  chamber  through  Riotocon  ports,  Tests  No.  027  ,  030  ,  045, 
and  051,  and  two  bombs  inserted  near  the  nozzle,  Tests  No.  064  and  067 
also  shown.)  The  vertical  height  of  each  bar  represents  the  explosive 
charge  weight  and  the  test  number  appears  above  the  bar. 

Stability  information,  as  determined  by  frequency  and  phase  analysis  of 
the  chamber  pressure  records,  is  presented  within  each  bar.  The  mode 
(or  modes)  of  acoustic  instability  initiated  imsediately  by  the  bomb  is 
denoted  by  the  kind  of  cross-batching  in  the  bottom  0.2- inch  of  the  bvr. 
Imsediately  above  that  is  sn  Indication  of  whether  sobm  other  mode  replaced 
that  initially  triggered  mode.  Finally,  above  that  is  an  indication  of 
whether  an  instability  was  sustsined  until  RTM  cutoff  (by  continued  cross- 
hatching  to  the  top  of  the  bar)  or  recovery  to  stable  combustion  was 
experienced.  The  height  of  a  particular  cross-hatched  bar-segamnt  is  not 
quantitatively  related  to  time.  The  time  required  for  the  combustion 
process  to  recovery  to  stable  operation  is  tabulated  along  the  abscissa 
where  applicable. 

Pulse  Guns.  A  total  of  81  pulse  gun  charges  were  fired  during  tnc  experi¬ 
mental  test  program.  The  hot-firing  tests  in  which  pulse  guns  were  fired, 
the  pulse  gun  charge  parasmters,  the  position  and  direction  of  blast-wave 
entry  into  the  chamber  and  the  initial  peak  pressures  recorded  at  several 
Riotocons  are  presented  in  Table  14  .  All  but  five  of  the  charges  wore 
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2.05  Radius 


TABLE  14 


PULSE  GUNS  USED  CUBING  THE  HOT-FIRING  PROGRAM 


Test 

No. 

Injector 

Type 

Fuel 

_  (1) 
Charge v 

Designation 

Chaaber  Inlet  Description 

Boss 

No. 

..  (2) 
Direction, 

degrees 

Port 

Diane ter 
inches 

Distance 

Fr  on 

Injector, 

inches 

003 

Triplet 

50-50 

15HB/1GK 

1 

180 

0.! 

>15 

2.00 

004 

4GHB/20K 

1 

180 

2.00 

005 

40HB/20K 

7 

90 

2.00 

006 

10HB/7.5K 

7 

90 

2.00 

008 

8GHB/20K 

7 

90 

2.00 

009^ 

1CHB/7.5K 

9 

90 

4.00 

009^ 

30HB/20K 

7 

90 

2.00 

010 

15HB/10K 

9 

90 

4.00 

012 

10BB/7.5K 

8 

90 

3.00 

012 

40HB/20K 

7 

90 

2.00 

013 

10HB/7.5K 

8 

90 

3.00 

014 

10HB/7.5K 

9 

90 

4.00 

020 

40HB/2GK 

1 

180 

2.00 

020 

40HB/20K 

135 

2.00 

021 

10HB/7.5K 

I  v 

180 

2.00  i 

022 

1CBB/7.5K 

135 

2.00 

022 

15HB/1GK 

180 

2.00 

024 

10HB/7.5* 

3 

180 

4.00 

024 

20HB/2GK 

1 

180 

2.00 

026 

10doFN/7.5K 

026 

10duPH/7.5K 

028 

40HB/20K 

4 

135 

2.00 

028 

10HB/7. 5K 

6 

135 

4.00 

029 

20duPM/20K 

4 

135 

2.00 

029 

10HB/7.5K 

2 

180 

3.00 

033 

15HB/10K 

2 

180 

3.00 

034 

10HB/7.5K 

4 

135 

2.00 

035 

15HB/10K 

4 

_ 

135 

2.00 

4 


Charter  Inlet  Deecription 


Photocon  Transducer 
Initial  Pressure  pai 


1 

Distance 

wm 

(2) 

Direction,  ' 

Port 

Disaster 

Froa 

Injector, 

A 

B 

C 

9 

Modes^ 

degrees 

inches 

inches 

tm 

180 

0.515 

2.00 

Already  Unstable 

180 

2.00 

142 

242 

1T-3T,  IT 

90 

2.00 

258 

158 

78 

IT 

90 

2.00 

158 

52 

47 

1T,1T-3T,3T-1R 

90 

2.00 

258 

240 

90 

1T.3T-1R 

90 

IT 

90 

2T, 1T-2T, 1T-3T, 3T-1R 

90 

240 

L  168 

60 

1T-3T, JT-1R 

90 

20 

17 

17 

2T 

98 

252 

223 

178 

IT, 3T-1R 

90 

116 

160 

238 

80 

1T-3T.3T-1R 

90 

196 

178 

40 

62 

1T,3T-IR 

180 

2.00 

112 

166 

178 

70 

lT-3T,ir 

135 

2.00 

218 

182 

100 

258 

1T-3T.1T 

180 

2.00 

88 

176 

60 

1T-3T, 3T-1R 

135 

2.00 

Already  Unstable 

180 

2.00 

86 

132 

197 

98 

1T-3T.3T-1R 

180 

4.00 

10 

10 

10 

10 

Stable 

180 

2.00 

48 

148 

118 

98 

IT 

135 

2.00 

208 

130 

97 

250 

IT 

135 

4.00 

10 

10 

10 

10 

Stable 

133 

2.00 

Stable 

180 

3.00 

38 

35 

28 

22 

IT 

180 

3.00 

355 

254 

121 

1T-3T,3T-1R 

135 

2.00 

155 

95 

70 

240 

1T-3T,3T-1R 

135 

2.00 

108 

80 

2C5 

1T-3T,3T-1R 

Damp  Time,  ms 


7 

7 

RCM 

RGM 

6 

RCM 

RCM 

2 

RCM 

RCM 

RCM 

2 

4 

RCM 

235 

2 


3 


2 

RCM 

RCM 

RCM 
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TABLE1  14 
(Continued) 


Test 

No. 

Injector 

Type 

Fuel 

Charge  ^ 
Designation 

Boss 

No. 

Chamber 

Inlet  Description 

( 2 ) 

Direction  '  ' 
degrees 

Port 

Diameter 

inches 

Distance 

Prom 

Injector, 

inches 

— 

A 

036 

Triplet 

| 

20HB20K 

4 

135 

0.515 

2.00 

168 

036 

20HB/20K 

2 

180 

3.00 

300 

037 

i 

15HB/10K 

3 

180 

4.00 

10 

039 

Doublet 

10HB/7. 5K 

9 

90 

352 

: 

039 

10HB/7. 5K 

8 

90 

3.00 

140 

i 

040 

40HB/20K 

7 

90 

2.00 

360 

040 

10HB/7. 5K 

1 

180 

2.00 

82 

041 

20HB/20K 

7 

90 

2.00 

400 

s 

041 

20HB/20K 

1 

180 

2.00 

2 

042 

40HB/20K 

1 

lbyJ 

2.00 

256  | : 

042 

40HB/20K 

4 

135 

2.00 

190 

043 

40HB20K 

7 

90 

0.370 

2.00 

360 

043 

20HB20K 

4 

135 

0.515 

2.  10 

155 

044 

40HB/20K 

7 

90 

0.430 

2.00 

366 

. 

044 

10HB/7.  5K 

4 

135 

0.515 

2.00 

133 

045 

10HB/7. 5K 

7 

90 

0.370 

2.00 

318 

045 

10HB/7.  5K 

6 

135 

0.515 

4.00 

90 

045 

10HB/7.5K 

3 

180 

4.00 

32 

046 

40HB/20K 

3 

180 

4.00 

192 

046 

10HB/7.5K 

7 

90 

2.00 

322 

049 

15HB/10K 

3 

180 

4.00 

40 

049 

401IB/20K 

9 

90 

358 

050 

20HB20K 

3 

180 

4.00 

152 

050 

20HB/20K 

9 

90 

4.00 

362 

051 

40HB/20K 

6 

135 

4.00 

46 

051 

15HB/10K 

1 

180 

2.00 

17 

1 

15HB/10K 

6 

135 

4.00 

152 

ESI 

15HB/10K 

4 

_ 

135 

2.00 

! 


4 


Chamber 

Inlet  Description 

Stubility  Results 

Distance 

I  /n\ 

Port 

From 

CtiOD  '2' 

Diameter 

Injector, 

rees 

inches 

inches 

A 

B 

C 

F 

Modes 

Damptime,ms 

35 

0.515 

2.00 

lo8 

72 

75 

1T-3T,1T 

10 

80 

■EH 

300 

272 

135 

160 

1T,3T-1R 

RCM 

0 

4.00 

10 

10 

10 

10 

IT 

2 

90 

4.00 

352 

225 

60^ 

IT 

7 

90 

3.00 

140 

146 

282 

82 

IT 

6 

90 

2.00 

360 

265 

154 

208 

IT, 1T-3T, IT, 1T-3T, IT 

28 

80 

2.00 

82 

85 

52 

1T-3T, IT 

7 

90 

2.00 

400 

252 

122 

185 

2T, 2T-1T 

18 

80 

2.00 

220 

312 

194 

2T,2T-1T 

5 

80 

2.00 

256 

21  ik 

^280 

IT 

7 

135 

2.00 

168 

372 

IT 

6 

90 

0.370 

2.00 

262 

132 

292 

IT 

30 

135 

0.515 

2.00 

155 

180 

191 

315^ 

IT 

7 

90 

f  mgm 

2.00 

36b 

238 

138 

190 

IT 

20 

135 

mm. 

2.00 

133 

152 

150 

272 

IT, 3T-1R 

RCM 

90 

0.370 

2.00 

316 

210 

78 

IT 

9 

135 

0.515 

4.00 

90 

70 

58 

1T,3T 

20 

180 

■El 

32 

25 

Stable 

180 

H 

192 

186 

291 

127 

IT 

7 

90 

322 

231 

93 

IT 

8 

180 

mm 

40 

70 

78 

30^ 

Stable 

90 

Bfifl 

358 

302 

116 

1T-2T,1T, 1T-3T, 3T-1R 

RCM 

180 

4.00 

152 

208 

365 

1T-2T 

6 

90 

4.00 

362 

255 

121 

IT, 1T-6T, IT,  3T-1R 

RCM 

135 

46 

/.  V 

44 

88 

IT, 1T-3T, IT, 1T-3T, 3T 

17 

180 

2.00 

155 

130 

IT 

6 

135 

4.00 

136 

158 

IT 

5 

135 

■EH 

WM 

128 

IT 

7 

f i 
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TABLE  14 


(Concluded ) 


Test 

No. 

Injector 

Type 

Fuel 

(  hyd  r  az  i  ne/tJDMH  ) 

Charge 

Designation 

Chamber  Inlet  Description 

Boss 

No. 

(2) 

Direction,  '  ' 
degrees 

Port 

Diameter 

inches 

Distance 

From 

Injector, 

inches 

052 

Doublet 

50- 

-50 

15HB/10K 

9 

90 

0.515 

4.00 

053 

15HB/10K 

7 

90 

2.00 

055 

6 

135 

4.00 

055 

10HB/7.5K 

5 

135 

3.00 

056 

40HB/1QK 

7 

90 

2.00 

057 

10HB/10K 

7 

90 

2.00 

058 

20HB/10K 

7 

90 

2.00 

059 

20duPM/20K 

1 

180 

2.00 

061 

40duPM/20K 

1 

180 

2.00 

062 

20duPM/20K 

7 

90 

2.00 

062 

80duPM/20K 

1 

180 

2.00 

064 

80duPM/20K 

7 

90 

2.00 

065 

40duPM/20K 

7 

90 

2.00 

070 

UDMH 

40HB/20K 

9 

90 

4.00 

070 

40HB/20K 

7 

90 

070 

1QHB/7.5K 

4 

135 

071 

15HB/1QK 

7 

90 

US 

072 

20HB/20K 

9 

90 

4.00 

076 

15HB/1CK 

1 

180 

2.00 

079 

50-50 

15HB/10K 

(1) 

180 

2.37 

080 

40HB/20K 

5 

135 

3.00 

084 

40HB/2CK 

8 

90 

3.00 

084 

40HB/7.5K 

5 

135 

3.00 

085 

15HB/10K 

1 

90 

2.00 

086 

15HB/10K 

H 

90 

2.00 

(1)  The  charge  designation  includes  first  the  charge  weight  in  grains,  next  the  explosive  tyi 
duPont  Military)  and  finally,  the  burst  diaphragm  pressure  rating  in  1000  psi. 

(2)  Directions  of  90,  133,  and  180  degrees  are  referred  to  elsewhere  in  this  report  as  tangei 
respectively. 

(3)  The  gaseous  nitrogen  flow  was  admitted  to  the  chamber  first  during  Test  009  and  bad  not  1 
were  fired. 

(4)  Photocon  transducer  struck  by  bomb  case  fragment  from  previous  pulse. 
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jir  Inlet  Description 

Photocon  Transducer 
Initial  Pressure  psia 

Stabililv  Results 

a 

Port 

Diameter 

inches 

Distance 

From 

Injector, 

inches 

■ 

B 

C 

F 

H 

I 

Modes 

Dump  time,  uis 

0.515 

4.00 

372 

252 

112 

IT 

7 

2.00 

338 

250 

118 

2T, IT, 1T-3T, 3T-1R 

new 

4.00 

135 

97 

50 

IT, 1T-3T, IT, 1T-3T, 3T 

25 

3.00 

128 

130 

70 

2T, 1T-3T, 3T 

16 

2.00 

390 

241 

118 

118 

2T,1T,1T-3T,3T-1R 

new 

2.00 

371 

248 

106 

117 

2T, IT, 1T-3T, 3T-1R 

RCM 

2.00 

382 

238 

m 

1T,1T-3T,3T-1R 

RCM 

2.00 

140 

140 

340 

B 

1T-2T 

2 

2.00 

90 

141 

258 

m 

1T-2T 

4 

2.00 

322 

238 

135 

IT, 1T-3T, 3T 

34 

2.00 

249 

249 

298 

1T-3T,1T,3T 

14 

2.00 

323 

268 

149 

1T,1T-3T,3T 

23 

2.00 

338 

267 

122 

160 

IT,  1T-3T,  31’-1R 

RCM 

EEM  l 

365 

272 

98 

222 

IT 

9 

318 

210 

92 

128 

IT 

8 

w£M 

15 

8 

8 

6 

Stable 

292 

122 

85 

118 

1T-2T,2T 

RCM 

293 

156 

90 

173 

1T-2T 

RCM 

2.00 

115 

82 

230 

86 

1T-2T,2T 

RCM 

2.37 

UNK 

14 

3.00 

1T-2T,3T 

19 

3.00 

253 

302 

312 

217 

388 

IT 

15 

i 

3.00 

177 

162 

150 

212 

167 

1T,3T-1R 

23 

2.00 

362 

170 

422 

1T-2T, 1T,3T 

14 

2.00 

342 

138 

448 

1T,3T-1R 

63 

ins,  next  the  explosive  type  (HB  -  Hercules  Bullseye  No.  2, 

.sag  in  1000  psi . 

•e  in  this  report  as  tangential,  chordal,  and  radial, 

‘iug  Test  009  and  had  not  been  turned  off  when  the  pulse  guns 

163 

pulse. 
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believed  to  have  given  valid  combuiitor  perturbations.  Two  of  those 
(during  Tests  No.  003  and  022)  were  fired  during  previously  existing 
bomb-initiated  instabilities.  Three  pulse  charges  made  up  of  duPont 
Military  powder  instead  of  Hercules  Dullseyc  No.  2  wore  inadvertently 
fired  in  Tests  No.  020  and  029.  Tiie  10duPM/7.3K  charges  fa  iled  to  burst 
their  diaphragms.  The  first  31  charges  (including  all  five  of  those  just 
commented  upon)  were  used  during  hot  firings  of  the  triplet  injector  and 
the  remaining  were  with  the  mixed  doublet  injector.  The  combustor's  sta¬ 
bility  behavior  in  response  to  the  pulse  guns  is  summarized  in  bar-chart 
form  in  Fig.  5*3 >  30,  and  57*  Figure  33  presents  the  data  obtained  with 
the  triplet  injector  and  N^H^-UDMH  (30-50)  fuel.  As  can  be  ascertained 
by  referring  to  Table  14,  only  "standard"  charge  weight/diaphragm  strength 
combinations  of  Hercules  Bullseye  powder  are  represented  there.  Figure  l}6 
contains  those  data  from  the  doublet  injector  firings  which  are  directly 
comparable  with  the  triplet  data.  Then  the  other  data  from  the  doublet 
injector  firings  (in  which  variations  were  made  in  the  pulse  gun  param¬ 
eters  powder  burning  rate,  charge  weight/diaphragm  strength  combination 
and  barrel  port  diumeter  and  in  the  propellant  combination)  are  given  in 
Fig.  37.  The  stability  information  on  these  charts  is  presented  in  the 
same  manner  us  that  for  bombs  in  Fig.  33  and  54  except  that  the  pulse  guns 
were  directed  in  three  angular  directions  whereas  the  bombs  were  located 
at  three  radial  positions. 

Directed  Gas  Flows.  Directed  flows  of  gaseous  nitrogen  and  helium  failed 
to  Initiate  any  chamber  pressure  oscillations  during  11  tests.  The  test 
numbers,  positions  and  directions  of  admission  into  the  chamber  and  data 
on  the  gas  species  used  and  the  gaseous  flowrate  are  presented  in  Table  13. 

The  maximum  flowrate  achieved  with  gaseous  nitrogen  was  8.08  lb/sec 
which  corresponded  to  a  linear  ramp  slope  of  300  lb/sec2.  The  maximum 
helium  flowrate  was  2.24  lb/sec.  Typical  ramp  profiles  are  shown  in 
Fig.  58.  All  gaseous  flows  were  introduced  into  the  combustion  chamber 
at  an  axial  distance  of  2  inches  from  the  injector  face.  One  test  with 
the  doublet  injector  utilized  a  0.370-diameter  port  connecting  tube;  all 
others  were  with  a  0.515~inch  diameter  port. 


Tangential 


of  Hot-Firing  Stability  Response;  Pulse  Guns  With  Triplet  Injector 


Wngential  V  Radial 


Figure  57.  Scssaary  of  Hotwiring  Stability  Response:  Renaming  Pulse  Guns  Vith  Doublet  Injector 
and  N  1^/4jDKH(50“50)  Fuel  Except  as  Noted 


DIRECTED  FLOWS  OF  GASES  USED  DURING  THE  HOT-FTRING 


Chordal,  Test  009 


Typical  Gas  Pulse  Raap  Flows  With  Triplet  Injector 


On  several  occasions,  a  port  through  which  a  gas  pulse  was  directed  fell 
within  the  field  of  view  of  the  Faetax  camera  looking  up  the  nozzle  into 
the  combustion  chamber.  The  high-speed  motion  pictures  showed  clearly 
that  gas  flows  directed  in  the  chordal  or  tangential  direction  resulted 
in  a  large  circulating  eddy  motion,  or  vortex,  within  the  baffle  compart¬ 
ment.  In  terms  of  the  camera’s  field  of  view  as  it  was  sketched  on 
page  141,  a  chordally  directed  pulse  produced  motion  on  about  the  following 
scale: 


During  those  tests  for  which  the  gas  flow  ramp  was  the  longest  duration, 
the  eddy  became  more  and  more  distinct  as  the  flowrate  increased.  During 
thot  time,  the  accelerometer  on  the  injector  recorded  a  vibration  that, 
as  shown  below,  steadily  increased  in  amplitude.  There  were  however,  no 
attendant  chamber  pressure  disturbances  or  oscillations. 


Accelerometer  Output  During  Gas  Pulse  Flow 


It  is  interesting  to  note  that  most  production-type  rocket  engine  teats 
utilize  accelerometer  transducers  for  rough  combustion  indicators  and 
often  provide  a  RCM  signal  for  engine  cutoff.  The  accelerations  on  the  above 
mentioned  test  exceeded  250  g  peak-to-peak  and  could  have  been  sufficient 
to  generate  an  erroneous  cutoff  signal  under  most  normal  operating  test 
conditions. 

Also  observed  by  the  nozzle-end  view  camera  were  a  few  brief  flashes  of 
brighter-than-usual  combustion  products  emanating  from  the  general 
neighborhood  of  the  corner  formed  by  the  intersections  of  the  injector 
face  and  the  baffle  with  the  chamber  vail.  Two  of  these  vere  seen  during 
the  nitrogen  gas  flow  in  Test  No.  037  and  are  listed  in  Table  15  as  "pops". 
They  were  first  observed  in  the  motion  picture  and,  from  their  appearance, 
were  immediately  thought  of  in  terms  of  the  isolated  random  pressure  dis¬ 
turbances  that  occur  occasionally  with  NgO^  and  hydrazine-based  propellants. 
Close  examination  of  the  pressure  records  revealed,  however,  only  very 
slight  disturbances  were  felt  at  the  nearest  Fhotocon  position.  In  at 
least  one  case,  the  flash  of  brighter  products  appeared  to  penetrate  about 
half  the  chamber  radius  at  about  1000  ft/sec  for  about  l/2  millisecond. 

These  results  offer  a  strong  indication  that  the  propellant  combustion 
processes  with  these  injectors  and  propellants  are  not  sensitive  to  transverse 
flow  disturbances. 


Ifl Slab jj. jjy. .Mode , Idejit  if  1? fll  jog  1B&  Mil  Bg.latiPUrtlPf  •  The  information 
presented  in  Fig.  53  through  57  is  wholly  concerned  with  the  identification 
of  and  relationships  among  particular  chamber  acoustic  modes.  For  the 
majority  of  the  tests,  these  data  vere  derived  from  examination  of  the 
frequency,  amplitude,  and  phase  relationships  among  pressures  recorded  by 
the  three  or  four  Fhotocon  transducers  and  displayed  by  auaking  time-base- 
expanded  oscillographs  of  the  taped  data.  Data  from  Photon  transducer 
positions  PCI  through  PC8  provided  positive  identification  between  the 
first  tangential  and  second  tangential  acoustic  modes.  The  transducers 
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vtrt  located,  howerer,  on  pressure  nodal  points  for  the  standing  third 
tangential  node.  Therefore,  it  was  inpossible  to  positively  distinguish 
between  the  third  tangential  and  the  first  radial  acoustic  modes,  since 
all  pressure  oscillations  would  be  in  phase  for  both  modes.  Based  upon  a 
33'C  feet  per  second  acoustic  velocity,  the  following  theoretical  modal 
frequencies  were  calculated. 

TABUS  16 

THEORETICAL  CHAMBER  ACOUSTIC  FREQUENCIES 

Chamber  Acoustic  Mode  Theoretical  Acoustic  Frequency,  cps 

First  Tangential  2188 

Second  Tangential  3629 

Third  Tangential  4992 

First  Radial  4353 


It  la  observed  from  Table  16  that  only  439  cps  separate  the  third  tangential 
and  first  radial  modes.  Additional  instrumentation  techniques  were  needed, 
therefore,  to  ascertain  conclusively  the  chamber  acoustic  behavior.  Late 
in  the  fixing  program,  two  additional  Ihotocons  (H  and  i)  were  installed; 
each  was  located  15  degrees  on  either  side  of  a  pressure  nodal  point  for 
the  third  tangential  acoustic  mode.  These  transducer  output  data,  in 
conjunction  with  streak  film  data,  indicated  that  both  the  first  radial 
and  third  tangential  modes  were  coexistent. 
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A  beat  frequency,  for  example,  was  recorded  on  both  (H)  and  (i )  Photocons, 
180  degrees  out  of  p^uase,  and  represented  the  differential  frequency  between 
the  two  fflodos.  Additional  corroborating  evidence  from  the  streak  photo¬ 
graphic  records  is  discussed  in  a  following  section. 


Two  hot-firing  tests  were  made  with  a  transparent  corir  stor  section 
using  the  doublet  Injector  and  NgH^-UDMH  (50-50)  fuel.  The  Initial 
test,  run  number  078,  was  nearly  nonproductive  because  the  majority 
of  the  films  were  somewhat  under  exposed  and  the  single  scheduled 
rating  disturbance  was  not  activated.  A  shorting  circuit  on  the 
explosive  bomb  firing  circuit  had  cot  been  removed.  The  second  test, 
run  number  079 ,  contained  a  13.5-grain  borib  located  in  the  nozzle 
section  and  a  15HB/10K  pulse  gun  charge  directed  radially  through  the 
transparent  side.  Both  600-millisecond  tests  were  successful  from  an 
operational  standpoint. 

The  most  pertinent  results  of  transparent  chaaber  experiments  at 
rocket  operating  conditions  are  photographic .  Detailed  study  of  high¬ 
speed  motion  pictures  can  yield  semi-quantitative  understanding  of  the 
combustion  processes  in  depth  that  is  not  attainable  by  aqy  other  current 
means.  Unfortunately,  in  reproducing  a  few  frames  of  16  millimeter  film 
for  publication,  little  (if  any)  of  the  dynamic  quality  is  transmitted. 
Some  film  sequences  that  are  fairly  informative  when  projected  in  motion 
may  lose  all  meaning  when  reproduced  as  still  phbtographs.  Figure  59 
shows  reproductions  of  two  frames  taken  with  a  Fastax  camera  through 
the  transparent  combustor  wall  during  test  079*  The  axial  field  of  view 
of  the  transparent  section  was  5»5&-inches.  The  first  picture,  Fig.  59a, 
was  taken  several  milliseconds  prior  to  initiation  of  the  bomb .  The 
length  of  the  propellant  streams  during  stable  combustion  is  seen  to  be 
about  5  to  6  inches.  Since  the  outer  injector  ring  consisted  of  fuel 
elements,  the  observed  unburned  propellants  are  probably  NgH^-UDMH  (50-50) 
fuel  fans  from  the  self- impinging  doublet  elements.  Figure  59b  shows 
the  interruption  of  the  combustion  process  several  microseconds  after  the 
boob  blast.  The  propellant  streams  are  almost  entirely  consunttd  by  the 
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quasi-spherical  shock  wave  generated  by  the  bomb  in  the  nozzle.  The  fuel 
spray  fane  were  shortened  to  about  one-half  of  their  original  lengths  dur¬ 
ing  unstable  combustion  and  when  viewed  in  projected  motion,  could  be  seen 
to  oscillate  in  the  transverse  directions. 


8treak  Film  Analysis.  Streak  films,  taken  for  aiding  in  the  identifica¬ 
tion  of  instability  modes  and  understanding  of  the  various  phenomena  that 
occur  when  a  rating  technique  is  employed,  are  illustrated  in  Fig.  60  and  61. 
Segments  of  films  exposed  to  light  emission  through  the  transparent  com¬ 
bustion  chamber  wall  at  the  time  of  boadb  detonation  are  shown  in  Fig.  60. 
Later-time  segments  from  those  same  films,  when  the  pulse  gun  was  fired, 
together  with  a  segment  from  a  baffle-vane-aligned  strenk  film  are  re¬ 
produced  in  Fig.  61.  The  geometrical  relationships  between  the  streak 
camera  alignments  and  the  cluuhber  are  shown  in  Fig.  90.  The  nozzle-view 
streak  camera  aligned  with  one  baffle  vane  was  obscured  behind  an  NTO 
cloud  during  the  bomb  dirturbance  and  did  not  produce  any  useable  data 
until  the  pulse  gun  fired. 

All  streak  photographs  were  correlated  with  other  photographic  and  tape- 
recorded  data  by  means  of  a  common  1000-cps  reference  timing  aignal. 

Voltage  pulses  were  simultaneously  recorded  on  the  run  oscillograph,  one 
channel  of  the  magnetic  tape  and  supplied  to  each  Fastax  camera  where  they 
powered  a  timing  light  for  exposing  a  small  portion  of  the  film's  edge 
every  millisecond.  Crors-correlation  was  assured  by  providing  a  unique 
blanking  or  broadening  of  the  voltage  pulses  during  one  specific  time 
interval  in  each  test.  The  pulses  to  some  of  the  streak  csmeras  were 
specially  shaped  to  provide  more  abrupt  initiation  and  termination  of 
lamp  luminosity. 

Examination  of  the  axial  and  circumferential  streaks  in  Fig.  60  show  the 
existence  of  the  standing  first  tangential  mode  for  approximately  7*9 
milliseconds  following  the  steep-fronted  bomb  shock  wave.  This  is  typified 
by  the  parallel, normally  orientated,  lusdnous  bars  or  the  axial  streaks 
and  the  corresponding  sinusoidal-like  wave  appearance  in  the  circtmferential 
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streaks.  The  observed  frequency  is  2130  cps  which  compares  favorably 
with  the  2188-cps  frequency  listed  in  Table  16.  During  this  period  the 
chafer  pressure  dropped  below  normal,  causing  increased  injector  A  P's 
and  flowrates,  as  shown  on  the  axial  streak  film.  About  8  milliseconds 
after  the  boad>  disturbance,  the  combustion  process  recovered  from  the  chug 
and  the  chamber  pressure  resched  s  high  value  causing  the  luminosity  to 
increase  as  shown.  At  about  this  same  time  a  change  in  the  stability 
behavior  can  be  noted.  The  frequency  increased  to  4570  cps.  This  new 
wave  fora  can  be  identified  as  the  first  radial  acoustic  node  and  is 
seen  to  coexist  with  the  first  tangential,  particularly  on  the  circum- 
ferential  streak  film.  Both  modes  were  damped  after  22  milliseconds 
and  stable  cosdmstion  continued  until  the  pulse  gun  was  fired. 

The  three  streak  films  taken  during  the  pulse  gun  disturbance  are  shown 
in  Fig.  61.  In  addition  to  the  axial  and  ci rcumfe rent ial  orientation, 
a  streak  record  was  obtained  with  a  camera  looking  up  the  nozzle  with  a 
0.005" inch-wide  slit  aligned  parallel  to  a  baffle  vane.  This  is  shown 
in  Fig.  6lc.  (The  less  precise  1000-cps  reference  time  base  was  recorded 
on  this  film  and  the  framing  rate  was  approx ima tely  4100  fps.) 

All  three  films  show  increased  combustion  lusdnosity  for  about  1.5  milli¬ 
seconds  following  the  Initiation  of  the  pulse  gun  disturbance.  The  first 
tangential  mode  is  again  clearly  indicated  at  approximately  2100  cps, 
primarily  on  the  circumferential  streak.  A  basic  difference  with  the 
pulse  gun  disturbance  was  the  presence  of  the  first  radial  made  limned  lately 
following  the  perturbation.  This  is  again  shown  by  the  luminous  parallel 
bars  of  light  on  the  axial  streak  and  the  corresponding  saw-toothed  pattern 
observed  on  the  baffle-oriented  streak.  The  instability  was  damped  after 
5  milliseconds.  The  pulse  gun  did  not  cause  a  feed  system  coupled  chugging 
instability. 
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ANALYSIS  AND  CORRELATION 


COMBUSTOR'S  STABILITY  RESPONSE 

From  previous  stability  experience  with  the  particular  rocket  system  em¬ 
ployed,  it  was  anticipated  that  recovery  to  stable  operation  would  be 
experienced  with  all  but  a  few  of  the  rating  devices'  perturbations.  The 
projected  correlations  were  based,  therefore,  on  relating  the  devices' 
characteristics  to  response  variables  such  as  the  initial  pressure  dis¬ 
turbance  amplitude,  the  recovery  or  damp  time,  and  the  pressure  oscilla¬ 
tion  amplitude  decay  rate.  It  wa.*  further  expected  that  instances  of 
sustained  instability  could  be  clearly  related  to  rating  device  applica¬ 
tion  variables;  e.g.,  introduction  into  the  chamber  at  a  preferred  loca¬ 
tion  for  driving  a  particular  mode  of  instability. 

A  few  tests  dispel  these  promising  expectations.  The  triplet  injector, 
which  had  previously  been  found  insensitive  to  bomb  perturbations,  was 
found  to  recover  its  stability  from  only  a  small  fraction  of  the  bombs 
used  and  only  about  half  of  the  pulse  guns.  The  least  expected  revelation 
was  that  there  was  no  immediately  apparent  relationship  between  the  rating 
device  parameters  varied  and  the  ultimate  stability  of  the  combustor. 

In  other  words,  recovery  to  stable  operation  appeared  to  occur  randomly. 
Thoughtful  examination  of  Fig.  52,  53  and  55  will  clearly  reveal  the  com¬ 
plexity  that  the  first  several  tests  began  to  reveal. 

The  projected  correlation  technique  was  not  appropriate  for  the  stability 
responses  experienced.  In  view  of  the  responses'  complexity,  an  alternate 
correlation  approach  was  devised  which  was  based  on  conceptual  interrela¬ 
tionships  among  characteristics  and  responses  as  depicted  in  Fig.  62. 

There  the  correlation  is  broken  down  into  several  separate  steps,  each 
of  which  forms  a  logical  stepping  stone  for  relating  the  rating  device 
to  the  combustor's  ultimate  stability  behavior.  This  approach  has  a  great 
advantage  over  a  simple  beginning-to-end  correlation:  If  the  ultimate 
stability  is  unrelated  to  the  rating  techniques'  variations,  it  should 
be  possible  to  determine  at  which  point  an  hypothesized  relationship 
breaks  down. 


The  cold  characterization,  atep  (l),  haa  already  been  diacuaaed  at  length* 
Aa  indicated  by  the  daahed  line  input  to  atep  (2),  it  ia  conceivable  that 
direct  correlation  of  the  input  paraaietera  nay  be  deairable  or  required, 
but  uae  of  the  characteriatica  abould  lead  to  a  acre  fundamental  under¬ 
standing  of  the  proceasea  involved. 

Thia  aection  ia  concerned  with  the  analyais  and  correlation  of  informa¬ 
tion  regarding  stepe  (2),  (3).  and  (4).  Each  of  theae  ia  shown  in 
Fig.  62  as  having  the  propellant  spray  combustion  characteristics  as 
an  input;  these  were  certainly  not  determined,  but  were  considered  to 
be  held  constant  for  three  distinct  groups  of  teats  (viz.,  the  triplet 
injector,  the  doublet  injector,  and  the  doublet  injector  with  UIVO  fuel). 

In  step  (2),  quantitative  correlations  were  sought  between  the  rating 
techniques  and  the  initial  response  of  the  combustion  processes.  Since 
the  gas  flow  disturbances  did  not  induce  any  measuraable  pressure  dis¬ 
turbances,  no  further  consideration  will  be  given  that  technique  here. 

For  the  bomb  and  pulse  gun  techniques,  the  correlations  are  in  terms  of 
the  initial  pressure  wave  amplitude. 

The  continued  response,  following  the  establishment  of  an  initial  pres¬ 
sure  wave,  is  interpreted  in  step  (3)  as  the  driving  of  an  initial  amde 
of  combustion  instability.  The  available  information  has  been  related 
qualitatively,  and  somewhat  heuriatically,  to  the  position  and  orienta¬ 
tion  of  the  rating  device  in  the  combustor  but  the  quantitative  correla¬ 
tion  appears  to  break  down  at  this  atep. 

The  ultimate  stability  is  discussed  in  step  (4)  in  terms  of  interactions 
between  the  initial  mode,  a  low-frequency  chug,  and1  subsequent  instability 
Dodes.  Again,  quantitative  correlations  are  lacking. 


Initial  Vave  Amplitudes 

The  direct  analog  pressure  records  were  analysed  to  obtain  quantitative 
data  on  the  initial  bomb  and  pulae  gun-initiated  blast  vave  amplitudes 
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M  functions  if  time  and  distance  from  ths  sourcs.  Correlation  of  these 
data  id  the  initial  overpressure  to  the  devices'  cold-flow  characteristics 
#r  to  their  descriptive  parameters  was  the  principal  goal  of  this  effort. 
The  magnitude  of  the  overpressure  and  its  growth  or  decay  were  also  of 
interest  as  providing  possible  explanations  for  the  types  of  acoustic 
modes  initiated,  their  amplitudes,  and  perhaps  the  ultimate  dynamic 
stability  of  the  teats* 


Explosive  Bombs.  The  way  in  whieh  the  bomb  position  was  described  in 
the  analysis  is  illustrated  in  Fig.  63  .  The  axial  distance  of  the  bomb 
from  the  injector  face,  denoted  by  varied  from  2.93  to  10.2  inches. 
The  radial  distance  r  of  the  bomb  from  the  chamber  axis  had  values  of 
aero  (bomb  at  the  center),  2.83  inched  (bomb  at  the  midradius),  and  4.93 
inches  (boafe  near  the  chamber  wall)  for  the  tests  included  in  the 
correlation. 


The  Fhotocons  were  located  at  axial  distances  x  from  the  injector  face 
of  1.3  and  4  inches  at  several  different  positions  around  the  circumference 
of  the  dumber  (Fig.  43)*  The  positions  were  charre  ter  iced  in  terns  of 
the  projected  di  .stance  y  from  the  bomb  to  the  Photocon;  that  is,  the  dis¬ 
tance  from  the  Photocon  (A  in  Fig.  63  )  to  the  projection  of  the  bomb 
into  the  Photocon  plane  (D  in  the  figure).  The  direct  distance  from  the 
bomb  to  the  Photocon  is  z  -  *y2  +  (L  -  x)2.  Of  subsequent  interest  in 
the  analysis  is  the  angle  Ot  between  the  lines  CA  and  AB.  The  former  is 
the  normal  to  the  Photocon  face  and  the  latter  is  the  direction  of  propa¬ 
gation  of  the  initial  shock  wave  from  the  bonb.  The  cosine  of  this  angle 
which  may  be  obtained  from  the  side  lengths  of  the  triangle  ABC,  is  given 
by 


cos  a 


f-  «*-(*-  *>! 

(5.75)  • 


(22) 


where  _ 

3.73  inches  is  the  chamber  radius  CX  and  V r 2  +  ( ^  -  x)2  is  the 
distance  from  B  to  C. 
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Zb  iht  Mit  few  pagN,  data  on  tbo  combustor's  rtaponot  to  bombs  arc 
discussed  and  extensively  cross-plotted  to  proaont  a  good  overview  of 
tho  roanlta.  Oecaa tonally  ton*  data  fron  the  demonstration  tests,  des¬ 
cribed  later,  are  drawn  in  to  eaphaalie  a  point.  Demonstration  teat  data 
worn  not  used  in  the  statistical  correlation  of  the  bosh  data,  however. 

Tho  initially  developed  correlations  were  based  on  the  as-measured  trans¬ 
ducer  data,  as  are  the  following  cross-plots.  The  final  correlations 
are  seen  to  be  much  simpler  when  the  data  are  treated  with  a  pseudo- 
reflection  coefficient. 

It  was  originally  anticipated  that  the  disturbance  from  the  bombs  would 
propagate  sysmetrically  in  all  directions;  i.e.,  that  the  bombs  are  non- 
directional.  This  hypthosis  was  tested  by  observing  the  response  to  bombs 
anmnted  on  the  baffle  at  the  chamber  axis  (r  -  0).  Figure  64  shows 
this  to  be  reasonably  valid  for  the  5.5-grain  bombs.  The  degree  of  scatter 
for  the  15.5-grain  bonba  indicates  that  the  pressure  measured  at  a  dis¬ 
tance  of  one  clumber  radius  (5*75  inches)  from  the  boobs  had  a  mean  devi¬ 
ation  of  ±10  percent  from  the  average  value. 

Farther  indication  of  departure  from  a  truly  symmetrical  initial  wave  is 
evidenced  by  an  overall  average  difference  in  the  initial  overpressure 
at  Photocons  A  and  B  of  about  11  percent.  These  pressure  transducers 
were  symmetrically  located  with  reepect  to  all  baffle-mounted  bombs. 
Asymmetry  of  the  initial  wave  was  particularly  narked  with  the  thickest 
(0.  500-inch  wall)  bomb  case  tested. 

The  varying  distances  fron  the  bombs  to  the  different  pressure  transducers 
provided  a  means  of  determining  the  rate  of  growth  or  decay  of  the  initial 
pressure  wave.  However,  the  inhonogeneity  of  the  combustion  environment 
posed  a  problem  as  to  the  correct  distance  to  use.  In  one  limit,  a  homog¬ 
eneous  bipropellant  spray  could  be  assumed  to  be  distributed  quite  far 
down  the  chamber,  in  which  case  the  overpressure  was  plotted  as  a  function 
of  the  direct  distance,  a,  fron  bomb  to  Photocon.  As  another  limit,  the 
actual  combustion  zone  could  be  assumed  to  be  thin  in  the  axial  direction 
and  located  near  the  injector.  It  is  convenient  to  assume  that  it  is  in 
the  plane  of  Photocons  A,  B,  C  (and,  also^  F  for  triplet  injector  runs) 


at  1.5  iMhei  fro*  the  injector.  In  this  case  the  shock  wave  fro*  the 
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Mb  (which  was  always  nt  least  2.15  Inches  downstream  of  the  injector) 
weald  decay  until  it  ranched  the  burninf  sene,  wherein  it  would  then  be 
amplified.  In  the  latter  case,  the  growth  would  occur  only  over  the  pro¬ 
jected  distance  fro*  bosb  to  Photocon,  or  y  (Fig.  63)*  The  actual  physical 
situation  should  lie  between  these  two  extremes  with  a  burning  zone  of 
finite  width  concentrated  reasonably  near  the  injector  and  attenuating  in 
intensity  further  downstream. 

,  The  initial  overpressure  data  were  plotted  against  both  y  and  z  for  each 
run.  In  asst  cases  the  curves  were  aore  nearly  linear  as  a  function  of  z 
than  as  a  function  of  y.  Otherwise,  the  two  parameters  indicated  similar 
treads.  Typical  curves  in  terns  of  s  only  are  shown  in  Fig.  65  through  68. 
In  all  cases  the  wave  strength  increased  as  it  traveled  through  the  burn¬ 
ing  spray.  Most  of  the  curves  tended  to  level  out  at  y  or  z  distances 
bet*  n  about  6  and  10  inches.  Notable  exceptions  to  this  were  the  curves 
for  the  doublet  injector  with  the  bombs  near  the  chamber  wall.  In  this 
case,  for  both  X^-UDfltSO-JO)  (Fig.  67),  and  UDMH  fuels,  the  curves 
which  exceeded  150  psi  at  y  or  z  of  about  3  inches  shoved  an  increasing 
slope  with  distance  (concave  upward);  while,  if  the  overpressure  at 
3  inches  was  below  about  150  psi,  the  curves  were  concave  downward. 

Another  exception  was  the  case  of  the  bomb  mounted  in  the  converging  posi¬ 
tion  of  the  nozzle  (see  run  064  which  is  superimposed  on  Fig.  68  contain¬ 
ing  "mid-radial"  bomba).  The  wave  strengthened  abruptly  as  it  moved  into 
the  vicinity  of  the  injector. 

To  examine  the  effect  of  boub  size,  shape,  ease  thickness,  and  bomb  loca¬ 
tion  on  the  initial  wave,  a  single  value  of  overpressure  for  each  test 

d 

was  obtained.  The  points  arbitrarily  selected  were  those  taken  from  the 
initial  overpressure  curves  at  z  -  5*75  inches,  or  one  chamber  radius 
from  the  boub.  The  effects  of  varying  only  axial  location  of  the  boab 
(i),  radial  position  of  the  boub  (r),  bomb  charge  weight  (if),  and  bomb 
case  thickness  (T  )  were  investigated.  The  latter  two  are  illustrated  in 
Fig.  69  end  70. 


to  Ftaotoeao  Dlstaneo,  £,  .ochoo 


Figaro  6).  Initial  Oniynuarti  Fra  B— ho  at  2.8^Uek  Bali 
(Triplot  la  Joe  tor,  M^-OMK^O-*))  Faal) 


Initial  Overpressure ,  psi 


Figure  67.  Initial  Overpressures  Fran  H—hs  at  4.95-Iach  fiadios 
(Doublet  Injector,  M^-OTMlteO-SO)  Fuel) 
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Initial  Overpressux 


Bomb  to  Photocor.  Distance ,  Z ,  inches 


Figure  68.  Initial  Overpreaaurea  From  Bombs  at  2.85-Inch  Radius 
(Doublet  Injector,  N^-UDMH^O-JO)  Fuel) 
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Figure  69.  Initial  Overpressure  From  Bombs  Having  0.17-Inch 
Case  Thickness  (Z  -  5*75  inches) 
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Bonb  Case  Thickness,  inches 


Figure  70.  Effects  of  Bo*b  Case  Thickness  on  Initial  Overpressure 
Froa  13.3-Grain  Bombs  (Doublet  Injector) 


Two  tests  (040  an-*  049)  show  that  changing  the  bomb  case  material  from 
nylon  to  Micarta  bad  negligible  effect  on  the  initial  wave.  Comparison 
of  tests  040  and  041  with  068  and  077,  respectively,  showed  a  slightly 
stronger  initial  wave  with  N2HJ^-UWfi( 50-50)  fuel  than  with  UDMB.  As 
expected,  increasing  chamber  pressure  increased  the  initial  wave  strength. 
This  is  illustrated,  together  with  the  effect  of  using  UBMI,  in  Fig.  71. 

In  general,  the  initial  overpressures  were  greater  with  the  doublet  injector 
than  with  the  triplet,  which  is  somewhat  surprising  in  view  of  the  higher 
incidence  of  sustained  instability  with  the  latter. 

A  regression  analysis  was  performed  to  obtain  mathematical  models  corre¬ 
lating  the  experimental  initial  overpressure  data  with  the  bomb  input 
parameters. 

Descriptive  Correlations.  It  was  hoped  that  one  model  would  be  suf¬ 
ficient  to  describe  all  cf  the  initial  peak  pressure  data  from  the  motor 
hot-firings.  It  was  found, however,  that  different  models  were  required 
for  the  doublet  and  triplet  injectors.  In  particular  the  projected  dis¬ 
tance  y  which  appears  as  a  quadratic  expression  in  both  models  has  opposite 
curvature  in  the  two  cases.  For  both  injectors,  number  of  descriptive 
models  with  a  number  of  different  types  of  terms  were  tried.  Among  the 
best  models  (i.e.,  highest  multiple  correlation  coefficient  and  lowest 
standard  deviation)  for  the  triplet  and  doublet  injector,  respectively, 
were  the  following: 

P  -  -  2.11  W  +  1.47  V2  -  2.12  Ml  +  32.1  y  -  2.25  y2 

+  210  t  -  108  +  13.2  <-3  +  52.3  r  -  16.6  r2  (23) 

P  -  200  +  3.98  V/r  -  0.022  (M/T  )2  +  21  n  -  29.7  y 
c  c 

+  4.04  y2  -  13.4  X  -  4.45  &  -  2.49  r2  (24) 

The  variable  n  in  the  model  for  the  doublet  assumes  the  value  1  for 
nylon-case  bombs  and  the  value  0  for  Micarta.  The  variable  thickness 


Initial  Cverr.rersure,  pel 


Figure  71.  Effects  of  Clumber  Pressure  and  Fuel  on  Initial  Overpressures 
Froa  Boabs 
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(T  ),  case  Material  (n)  and  Photocon  axial  position  (x)  were  held  con- 
stant  in  the  tests  with  the  triplet  injector;  hence,  do  not  appear  in 
the  Mathematical  model.  Other  terns  which  appear  in  other  models  tried 
include  the  direct  transducer  to  bomb  distance  s,  more  powers  of  V,  y, 

and  r,  and  such  terns  as  V^/f  . 

c 

Some  of  the  experimental  data  were  not  included  in  the  analytical  models* 
the  25-grain  bombs  with  the  triplet  injector  and  data  with  the  doublet 
injector  which  introduced  an  additional  factor  (different  orientation  of 
bomb,  different  type  fuel,  etc.).  Cross  plotting  the  data  had  indicated 
that  for  bombs  smaller  than  13*  5-grams  peak  pressure  increased  with  in¬ 
creasing  weight  but  an  asymptotic  value  was  approached  with  larger  charges 
Because  of  the  large  number  of  independent  bomb  parameters  It  vtu,  not 
feasible  to  introduce  a  model  which  would  allow  for  asymptotic  effects. 
Instead,  peak  pressures  were  calculated  from  the  model  using  the  test 
conditions  for  the  25-grain  bombs  but  assuming  a  weight  of  I3.5  grains. 

These  were,  in  fact,  higher  than  the  observed  values  which  tend  to  con¬ 
firm  the  asyqitotic  assumption.  The  same  procedure,  i.e. ,  comparing 
predicted  and  observed  values,  was  used  when  additional  factors  were  in¬ 
troduced  with  the  doublet  injector.  In  all  cases  the  two  values  were 
sufficiently  different  to  believe  that  each  factor  had  an  effect  on  the 
process.  This  could  not  be  explored  more  thoroughly  without  more  data. 

Correction  for  Direction  of  Incidence  Effects.  A  number  of  anomalies 
appeared  in  the  raw  peak  pressure  data  which  were  difficult  to  attribute  to 
chance  variation.  For  example,  the  models  contained  a  number  of  terns  in  the 
geometrical  variables  y,  *,  and  r.  Cross-plots  of  P  vs  y  showed  dif¬ 
ferent  curvature  effects  as  a  function  of  transducer  position  x.  Al¬ 
though  the  models  given  above  are  quite  useful  for  smoothing  the  data 
and  predicting  peak  pressures  for  future  tests  with  the  same  system, 
they  give  no  physical  insight  into  the  growth  of  the  pressure  wave  in 
the  chamber. 

In  an  attempt  to  obtain  more  realistic  models,  the  raw  data  were  corrected 
by  n,.Jis  of  a  simplified  wave  incidence  coefficient.  In  lieu  of  making 


195 


\* 


>4* 


ft 


■A-tfc 


laborious  calculations,  it  was  Mimed  that  the  incidence  coefficient 
would  be  equal  to  unity  plus  the  cosine  of  the  angle  between  the  path 
of  the  blaot  and  the  no  rail  to  the  transducer  (the  angle  ft  in  Fig.  63). 
The  corrected  pressures,  obtained  by  diriding  the  obserred  pressure  by 
the  incidence  coefficient,  are  tabulated  for  16  tests  with  the  doublet 
injector  and  12  tests  for  the  triplet  injector  in  Table  17.  These  data 
were  correlated  to  giro  the  following  nodel  for  the  doublet  injector: 


i  ♦  cos  a 


-  124  ♦  5.25  V  -  147  T  ♦  5.0  y  -  18.6  l  ♦  3-3  r  (25) 


The  standard  error  of  this  nodal  was  16.7  psi,  which  is  conparable  to 

that  obtained  with  the  aore  coaplicated  aodel  for  uncorrected  pressure, 

Gq.  24.  There  is  no  evidence  of  curvature  with  V,  y,  or  T  .  The  effect 

c 


of  thickness  appears  the  sane  at  each  charge  weight,  so  that  an  interaction 
tern  is  unnecessary.  It  is  important  to  note  that  y  is  preferred  to  s 
and  t  to  (4—  x)  as  correlating  variables.  Thus,  peak  pressure  grows  slightly 
in  the  radial  direction  hut  there  is  no  apparent  effect  of  transducer 
axial  location,  x.  If  a  bonb  is  exploded  at  a  position  further  downstrean, 
its  shock  front  is  weaker  and  this  effect  cannot  he  explained  solely  in 
terns  of  the  distance  fron  the  bonb  to  the  sensor. 


For  the  triplet  injector  data,  the  resulting  nodel  with  incidence  co¬ 
efficients  was: 


1  *  cos  a 


-  46.3  ♦  7.63  V  -  10.4  l 


The  wnltiple  correlation  coefficient  and  residual  standard  deviation  re¬ 
sulting  fron  the  nodel  are  0.94  and  14.2  psi,  respectively.  The  variables 
s,  y,  and  (t  -  x)  were  not  at  all  significant.  There  is  no  effect  of  the 
radial  position  of  the  bonb  nor  curvature  in  the  effect  of  4. 

The  effect  of  V  in  Eq.  26  requires  sone  covent.  The  data  fron  25-grain 
boohs  were  not  used  in  the  analysis,  since,  as  was  noted  earlier,  they 
appear  to  be  essentially  the  sane  as  those  for  15.5-grain  bonbs  due  to 
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tabu:  17 


REDUCTION  OF  INITIAL  WAVE  A 
INCIDENCE  COEFFICIENTS 


Test 

No. 

Transducer 

Obi  erred 
Pressure 
Amplitude,  psi 


I 

)oublet  Injector 

A  and  B 

196 

C 

227 

F 

305 

A  and  B 

247 

C 

250 

F 

352 

A  and  B 

90 

C 

194 

F 

260 

A  and  B 

270 

C 

310 

A  and  B 

230 

C 

285 

F 

272 

A  and  B 

H3 

C 

165 

A  and  B 

75 

F 

182 

A,  B,  and 

282 

C 

F 

180 

B 

192 

C 

265 

A  and  B 

138 

C 

214 

Corrected 
Pressure 
Aaplitude,  pel 


136.5 

129.9 

155.4 
172.0 

143.1 

179.3 
63.0 

111.1 

132.4 

147.9 

165.7 

126.0 

152.3 

137.3 

87.7 

98.6 

58.4 

93.3 
146.2 


jWtl 


133.7 

151.6 

96.7 

122.6 
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TABLE  17 
(Coat  lane*  ) 


feet 

X*. 

fmaJaetr 

B 

Corrected 
Pressure 
Amplitude,  pal 

D 

oaklet  Injector 

092 

A  aai  B 

202 

118.9 

G 

227 

125.0 

053 

A  aai  B 

153 

84.2 

C 

273 

146.2 

054 

A  aai  B 

70 

44.0 

C 

118 

67.3 

055 

A  aai  B 

78 

54.6 

C 

189 

108.3 

060 

A,  Bt  aai 

181 

92.7 

C 

P 

122 

61.2 

061 

A  aai  B 

148 

103.1 

C 

188 

107.6 

F 

260 

132.5 

Triplet  Injector 

002 

A  aai  B 

142 

95.9 

C 

178 

101.1 

007 

A 

196 

131.0 

C 

233 

132.1 

Oil 

A  aai  B 

126 

97.8 

C 

160 

95.6 

F 

135 

71.3 

014 

A  aai  B 

166 

97.4 

C 

204 

112.1 

F 

200 

103.7 

016 

A  aai  B 

236 

129.3 

C 

263 

140.6 

F 

260 

132.3 

•*  asymptotic  effect.  An  attest  vu  made  to  insert  a  term  into 
B|.  26  to  model  this  effect.  The  term  vaa  atatiatically  signifi- 

cant ,  hat  ita  sign  vaa  poaitive,  which  vaa  an  unexpected  reault.  Ex- 
amimatioa  of  the  raw  data  a  hewed  that  the  curvature  vaa  due  to  unusually 
law  peak  preaeurea  for  the  5. 5-grain  boad>  uaed  in  teat  016.  Therefore, 
the  linear  model  ia  preferred. 

Somewhat  aurpriaing  ia  the  fact  that  for  a  boat  in  a  fixed  axial  poaition, 
no  aignificant  radial  amplification  of  the  initial  peak  overpreaaure  vaa 
eba erred  from  2  to  10  inchea  from  the  bomb.  Thia  contraata  with  the  re¬ 
am  lta  from  the  sure  a table  doublet  injector,  in  which  radial  wave  growth 
vaa  eba  erred.  Thau,  difference  in  ware  growth  doea  not  appear  to  relate 
to  the  stability  characteriatica  ef  the  two  injectora. 


Correlation  With  Cold-Characteriatica.  The  preceding  correlating 
modela  related  the  atability  reaponae  directly  to  the  rating  techniques ' 
parameters ,  rather  than  to  their  chairacteriatica  established  in  the  cold 
flaw  experiawnta.  The  latter  correlations  would  be  of  more  fundamental 
value  to  the  underatanding  ef  the  ratify  techniques '  effects  and  in 
comparing  one  technique  to  another. 

Since  the  decay  in  initial  peak  pressure  of  a  blaat  ware  in  air  will  in 
general  be  totally  different  than  the  blaat  wave  behavior  in  a  chamber 
full  of  burning  propellants,  the  cold  flow  equations  were  uaed  to  find 
the  initial  peak  pressure  at  the  boad>  surface.  First,  Eq.  12  vaa  uaed 
to  conpute  In  c^  at  the  bomb  surface  for  each  bomb  used  in  the  engine 
firings.  Then  the  ahock  Bugoniot  relation  (Eq.  3  )  was  uaed  to  con¬ 
vert  to  pressure.  The  predicted  bomb  initial  p.reasures  are  as  follows: 


Weight 

Thickness 

In  c 

a 

Pit  pai 

13-5 

0.17 

-3.035 

199.1 

13-5 

0.28 

-3.312 

113.3 

13.5 

0.50 

-3.635 

58.3 

5-5 

0.17 

-3.199 

142.5 

5.5 

0.28 

-3.477 

80.8 

3.2 

0.17 

-3.299 

116.4 

200 


Because  of  the  simplicity  of  the  models  obtained  using  them,  the  pressure 

data  modified  by  incidence  coefficients  will  be  used.  The  bombs  used 

with  the  triplet  injecter  varied  only  in  charge  weight.  For  the  three 

o 

charge  weights  used,  the  equation  V  «  3*67  -  0.0793  P*  +  0«0006%6 
holds.  This  may  be  substituted  directly  into  Eq.  26  to  obtain  the 
model: 

TT'cos tt  *  74,3  "  0,605  Pi  +  0*°°495  P.2  -  10.4  4  (27) 

Due  to  the  inclusion  of  the  curvature  term  in  P. ,  this  model  is  hard  tc 

l 

visualise  inmediately.  The  peak  pressure  predicted  at  4  ■  3  inches  for 
Pi  =  200  is  120  psi  and  for  «  50  is  25  psi.  At  the  midpoint  P£  -  125, 
the  prediction  is  45  psi,  which  is  considerably  less  than  the  result  of 
72  psi  obtained  by  linear  interpolation  between  the  ^wo  extremes. 

The  behavior  of  bombs  in  the  doublet  injector  tests  was  described  by  a 
somewhat  more  complex  model  because  the  bomb  case  thickness  was  allowed 
to  vary.  Therefore  a  direct  substitution  into  Eq.  25  is  not  possible. 
Instead,  a  new  correlation  was  computed  using  the  predicted  peak  pressure 
as  a  substitute  for  charge  weight  and  case  thickness.  The  resulting  model 
is  as  follows: 


1%  cos  Ot  "  106,7  +  0,406  Pi+  5,84  y  "  22,2  1  (28) 

Examination  of  the  results  indicated  a  residual  effect  of  case  thickness 
apart  from  the  effect  of  P^.  Therefore  the  t< 11 owing  additional  model 
containing  a  T£  term  plus  the  effect  of  radial  position  was  cosqiuted: 


1 - - - -  =  26.0  +  0.643  (P.  +  244  T  )  +  5-17  y  -  21.1  4  +  3.03 

1  +  cos  tt  '  1  c'  3 

(29) 


The  multiple  correlation  coefficient  and  residual  standard  deviation  for 
this  model  are  0.87  and  18.8  ppi,  respectively. 
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The  failure  of  th?  boob 'a  characteristic  initial  preeeure  to  account 
completely  for  the  effect  of  caae  thickness  in  the  engine  tests  may  be 
interpreted  in  several  ways.  The  simplest  is  to  assume  that  the  case 
thickness  is  reduced  hy  ablation  before  the  bomb  is  fired,  thereby  giving 
results  corresponding  to  a  thinner  caae.  To  check  this  hypothesis,  the 
composite  term  (P  +  244  T  )  was  evaluated  for  each  bomb  configuration  to 
obtain  an  effective  cold-characterisation  pressure.  This  was  converted 
to  velocity  and  used  in  Bq.  12,  the  eold-characterization  equation,  to 
compute  an  effective  case  thickness.  For  the  six  bomb  types,  these  are 
as  follows: 


Charge 

Weight 

Case 

Thickness 

Effective  Case 
Thickness 

13-5 

0.17 

0.13 

13.5 

0.28 

0.17 

13.5 

0.50 

0.17 

5.5 

0.17 

0.12 

5.5 

0.28 

0.13 

3.2 

0.17 

0.12 

Although  there  is  a  great  deal  of  error  in  approximating  an  ablation  rate 
in  this  way,  these  data  seem  not  to  support  the  hypothesis.  First,  they 
indicate  an  excessively  high  ablatiou  rate.  Second,  the  reduction  in 
thickness  is  not  a  constant  for  the  six  bombs.  The  discrepancy  for  the 
0.30-inch  case  may  be  discounted  as  possibly  due  to  a  nonlinearity  in 
the  effect  of  case  thickness,  but  even  the  remaining  data  do  not  support 
the  assumption.  The  effect  of  ablation  may  be  present,  but  it  cannot 
account  for  the  magnitude  of  observed  anomalies. 


Within  the  range  of  bombs  considered,  thickness  has  a  very  important 
effect  on  cold  initial  pressure.  Therefore,  another  possible  explanation 
is  that  the  thickness  term  is  expressing  a  nonlinearity  in  the  model. 

Such  a  nonlinearity  could  arise  from  the  fact  that  the  cold  character¬ 
izations  were  done  at  ambient  pressure  whereas  the  engine  tests  had  a 
chamber  pressure  of  130  psi.  Such  a  change  had  a  minor  effect  on  che 
cold-flow  characteristics  of  the  pulse  gun,  but  was  not  examined  exper¬ 
imentally  for  bombs. 
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Bomb  Orientation  Effects.  In  addition  to  the  uiaal  method  of  mounting  the 
bombs  from  the  baffle  at  different  radial  distances  from  the  chamber  axis, 
some  tests  were  also  made  with  the  bombs  installed  with  their  cylindrical 
axes  perpendicular  to  the  chamber  wall  surface.  Four  tests  (027,  030, 

043,  and  03l)  were  run  with  the  explosive  bombs  inserted  through  Photocon 
ports;  two  tests  each  with  the  triplet  and  doublet  injectors,  respectively. 

No  significant  difference  could  be  noted  in  the  observed  initial  overpres¬ 
sures  with  respect  to  this  different  orientation.  A  difference  was  observed, 
however,  with  respect  to  ths  acoustic  modal  behavior.  The  first  several 
cycles  of  instability  with  the  triplet  injector  could  not  be  identified  in 
terms  of  any  fundamental  acoustic  mode.  The  ultimate  sustained  instability, 
however,  was  the  familiar  coexistent  third  tangential  and  first  radial 
modes.  Slightly  different  results  were  observed  with  the  doublet  injector; 
the  sustained  instability  initiated  by  bombs  in  Photocon  ports  was  the 
second  tangential  mode  for  both  firings.  It  will  be  noted  that  a  similar 
behavior  was  obtained  with  the  doublet  injector  and  UDMH  fuel.  No  apparent 
explanation  can  be  given  at  this  time. 

Three  doublet  injector  firings  (064,  O67,  and  079)  were  made  with  bombs 
installed  in  the  nozzle  convergent  section,  10.2  inches  downstream  of 
the  injector  face.  A  transparent  combustor  section  was  used  on  the  last 
test,  so  that  only  one  Photocon  pressure  measurement  was  obtained  and 
that  one  was  in  the  nozzle  section.  Results  from  the  other  two  tests  were 
considerably  different  from  those  obtained  with  baffle-mounted  bombs. 

The  observed  experimental  values  of  initial  overpressure  were  approximately 
five  times  greater  than  those  calculated  by  Eq.  23.  Obviously,  the  same 
correlation  does  not  hold  for  the  nozzle-mounted  bombs  as  for  bombs  only 
half  as  far  from  the  injector.  Although  no  direct  explanation  for  this 
effect  was  apparent,  it  is  thought  that  it  may  be  dun  either  to  reinforce¬ 
ment  of  the  initial  blast  wave  by  a  higher  velocity  nozzle-reflected  shock 
or  sinqply  to  a  cumulative  effect  from  the  initial  waves  having  propagated 
through  burning  sprays  over  a  longer  path.  Whatever  the  reason  for  the 
phenomenon,  it  deserves  further  study  since  it  is  sometimes  found — much  to 
the  investigators'  confusion — that  bombs  placed  in  the  nozzle  are  more 
effective  in  initiating  instability  thar  those  located  near  the  injector 
(Ref.  4). 
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Pulae  Gam.  The  amplitudes  of  the  initial  disturbances  generated  by  the 
poise  gun  charges  hare  also  been  reduced  froa  the  tine-base  expanded  oscil¬ 
lographs.  Sone  pressure  data  have  been  plotted  in  Fig.  72  through  80  vs 
the  direct  distance  s  froa  the  chaaber  entry  port  to  the  Photocons.  The 
solid  data  points  represent  those  tests  vith  sustained  instabilities.  The 
following  trends  are  observed  vith  respect  to  the  initial  wave  growth. 

Figure  72,  73,  and  74  show  the  effect  of  the  pulse  gun  charge  size 

and  axial  distance  froa  the  injector  upon  the  initial  wave  growth  for 
the  three  different  angular  directions.  Typical  data  are  plotted  for 
two  charge  sizes;  40  HB/20K  and  10  HB/7.5K  for  the  doublet  injector.  In 
all  cases  with  the  dynaaically  stable  or  unstable  tests,  the  initial  wave 
amplitude  increased  with  distance  froa  the  transducer,  and  reached  a  maxi¬ 
mum  value  diametrically  opposite  the  point  of  entry  of  the  disturbance. 
Negligible  wave  growth  was  observed  for  completely  stable  tests.  A  test 
was  considered  to  be  dynamically  stable  if  it  recovered  from  a  rating 
device  disturbance  in  less  than  100  milliseconds.  The  initial  pressure 
wave  growth  was  attributed  to  energy  addition  from  accelerated  combustion 
as  the  wave  traveled  through  the  burning  sprays.  A  definite  trend  was 
shown  for  the  larger  pulse  charge  sizes  to  generate  higher  combustion  cham¬ 
ber  initial  peak  pressures.  This  trend  was  most  pronounced  with  radially 
and  chordally  directed  pulse  guns;  differences  observed  near  the  pulse 
entry  point  with  tangential  pulse  direction  were  effectively  obscured  by 
the  time  the  initial  waves  had  propagated  across  the  chamber.  The  size 
of  the  disturbance,  however,  had  no  apparent  relationship  to  the  ultimate 
stability  of  the  system. 

With  the  exception  of  a  few  anomalous  data  from  tangentially  directed  pulses 
with  the  triplet  injector,  weaker  initial  peak  pressures  were  generated  with 
pulse  entry  ports  at  distances  further  downstream  from  the  injector  face. 
This  suggests  that  less  unburned  propellants  were  available  at  increased 

axial  distances  to  support  and  amplify  the  disturbances. 

* 

In  some  instances  the  test-to-test  reproducibility  was  poor.  For  example, 
two  repeat  pulse  gun  firings  were  made  vith  40  HB/20K  charges  during  Test 
No.  005  and  012.  The  initial  waves  started  out  at  greatly  different 
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Figure  73.  Initial  Overpressures  Froa  Pulse  Guns  With  Doublet 
Injector  and  Chordal  Entry 
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Figure  Ik.  Initial  Overpressures  Froa  Pulse  Guns  With  Doublet 
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Figure  75.  Initial  Directional  Pulae  Gun  Disturbance  Wave  Growth 
With  Doublet  Injector  and  Tangantial  Entry 
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Figure  78.  Effect  of  Nixed  Charge  Sixes  on  Initial  Overpressures 
Froa  Pulse  Guns  With  Doublet  Injector  and  Tangential 
Entry 
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Figure  79.  Effect  of  Powder  Type  on  Initial  Overpressures  From 

Pulse  Guns  With  Doublet  Injector  and  Tungential  Entry 
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Figure  80.  Effect  of  Injector  Type  on  Initial  Overpressures  From 
Pulse  Guns  With  Radial  Entry 
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amplitudes  (about  80  and  180  psi,  respectively),  but  eventually  converged 
to  the  same  value  at  a  point  opposite  the  shock  entry.  The  mathematical 
correlations  were  difficult  to  obtain  with  the  pulse  guns  due  to  the  large 
data  scatter.  Nevertheless,  generalizations  can  be  drawn  based  upon  the 
experimental  results. 

Initial  wave  growth  from  the  tangentially  orientated  pulse  gun  propagated 

\ 

both  spherically  and  circumferentially  from  the  entrance  port.  The  di¬ 
rectionality  effect  is  shown  in  Fig.  75.  The  angular  displacement  of 
each  Photocon  from  t*e  point  of  entry  of  the  disturbance  into  the  chamber, 
measured  in  the  direction  of  wave  propagations,  is  plotted  as  the  abscissa. 
Thus,  180  degrees  represents  a  wave  travel  half  way  around  the  chamber, 
or  to  a  point  diametrically  opposite  the  point  of  introduction  of  the 
disturbance.  As  indicated  previously,  this  point  on  the  chamber  represents 

the  region  of  maximum  wave  growth.  .  \ 

\  *■; 

,  \  \ 

. «  \  • 

As  shown  in  Fig.  76,  higher  initial  wave  amplitudes  were  demonstrated 
with  N^-UDMBt 50-50)  fuel  than  with  UDMH.  This  is  in  agreement  with  the 
bomb  results.  Larger  disturbances  resulted  with  increased  pulse  gun  barrel 

I  * 

and  port  diameters  as  graphically  iH’/istrated  in'  Fig.  77*  This  was 
probably  caused  by  the  increased  attenuation  of  the  blast  wave  as  it 
propagated  out  of  a  smaller  bore  barrel  into  the  chamber. 

Three  tests  were  made  with  mixed  pulse  gun  charge  sizes;  10,000  pound 
blirst  diaphragms  were  used  for  all  tests.  The  standard  charge  consisted 
of  a  lr  ®/l0K  cartridge;  the  other  three  charges  were  10  HB/lOK,  20  Iffl/lOK, 
and  40  HB/lOK  cartridges.  No  significant  differences  in  the  initial  pulse 
amplitude  were  attributed  to  the  variation  in  charge  size  with  a  fixed 
burst  diaphragm,  as  shown  in  Fig.  78.  Six  hot-firing  tests  were  made 
using  charges  of  the  sieve-  burning  duPont  Military  powder;  results  from 
three  firings  made  at  the  2-inch  tangential  boss  are  shown  in  Fig.  79. 

For  comparison  purposes,  two ‘similar  test  results  are  shown  with  Hercules 
Bullseye  powder.  The  minor  differences  observed  probably  are  not  signif¬ 
icant.  Interestingly,  all  the  charges  plotted  in  Fig.  79  were  with 
20,000  psi  burst  diaphragms.  Comparison  with  Fig.  78  suggests  the 
possibility  that  the  initial  pressure  wave  amplitude  is  determined 
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solely  by  the  burst  diaphragm  strength  (and  the  propellant  spray  combustion 
field  characteristics).  This  possibility  is  particularly  intriguing  when 
it  is  recalled  thttt  both  the  initial  shock  wave  and  the  maximum  blast 
wave  pressure  were  reduced  by  a  factor  of  2  when  the  Hercules  powder  was 
replaced  by  the  duPont  powder  in  the  cold-characterisation  testing. 

A  cross-plot  of  the  data  from  both  injectors  using  the  radial  entry  pulse 
gun  port  is  shown  in  Fig.  80.  Almost  identical  wave  growth  behavior  was 
obtained  with  the  smaller  10  HB/7.5K  pulse  gun  charges  with  the  triplet 
and  doublet  injectors.  Increased  wave  growth  was  observed  with  the  doublet 
injector  with  the  larger  40  HB/2CK  charges. 


Descriptive  Correlations.  As  with  the  bombs,  the  initial  peak  pres¬ 
sure  in  the  rocket  chamber  due  to  the  pulse  gun  firings  have  been  studied 
as  a  function  of  pulse  gun  and  engine  parameters.  In  addition  to  the 
parameters  which  describe  the  charge  (charge  weight  and  burst  diaphragm 
rating),  the  following  additional  parameters  were  included  in  the  hot- 
firing  experiment: 


1. 

Pulse  Gun-Transducer  Angle 

9,  degrees/180 

2. 

Axial  Distance 

t,  inches 

3. 

Pulse  Gun  Diameter 

D  ,  inches 
gun’ 

4. 

Pulse  Gun  Chamber  Angle 

P,  degrees/180 

The  angle  between  the  pulse  gun  and  the  chamber  is  equal  to  90  degrees 
for  tangential  bosses,  180  degrees  for  radially  directed  bosses,  and 
135  degrees  for  the  intermediate  (chordal)  bosses.  Th<»  barrel  lengths,  BL, 
(the  distance  from  the  burst  diaphragm  to  point  of  chamber  entry)  associ¬ 
ated  with  these  three  angles  were  7*23,  5*69,  and  6. 12 inches,  respectively. 
Both  these  variables  cannot  be  used  in  the  cdrrelations  since  they  are 
so  closely  related.  Because  barrel  length  is  the  more  easily  quantified, 
it  was  chosen  as  the  independent  variable.  The  pulse  gun- transducer 
angle  was.  measured  from  the  center  of  the  chamber  and  normalised  by 
dividing  by  180  degrees. 
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As  one  would  expect  from  the  results  using  bombs,  the  pressure  wave  re¬ 
sulting  from  the  pulse-gun  firings  behaved  differently  with  the  two  in¬ 
jectors.  From  the  »hape  of  the  data,  logarithmic  models  were  chosen  to 
represent  the  initial  peak  overpressure.  The  model  found  to  best  repre¬ 
sent  the  triplet  injector  data  is  as  follows: 

In  P  -  32.4  -  12.0  in  z  +  0.459  (in  z)2  +  0.189  In  W 

-  15.4  In  BL  -  2.98  In  BL  in  0  +  6.11  BL  In  z  +  5.47  In  0 

(30) 

The  multiple  correlation  coefficient  is  0.92;  the  residual  standard 
deviation  is  0.215* 

The  only  parameter  in  Eq.  30  that  is  a  function  solely  of  the  pulse 
gun  is  the  charge  weight  V.  Over  the  range  of  variation  of  this  parameter, 
from  10  to  80  grains,  a  50-percent  increase  in  A  P  was  produced.  This 
is  a  considerably  smaller  effect  of  charge  weight  than  was  observed  with 
a  much  smaller  range  of  charges  for  bombs.  The  burst  diaphragm  strength 
was  not  included  in  the  model  because  it  was  not  varied  independently. 

Unlike  the  bomb  model,  the  pulse  gun  model  contains  no  term  in  the 
axial  position  of  the  triggering  device.  Although  it  does  not  show  up 
in  £q.  30,  the  results  of  the  data  plots  consistently  agree  that  the 
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initial  waves  from  pulse  guns  at  4  inches  from  the  injector  had  lower 
amplitudes  than  those  from  guns  at  2  inches. 

The  effect  of  transducer  distance  s  is  complex,  as  it  was  in  the  bomb 
models  before  employing  incidence  coefficients.  An  examination  of  the 
three  terms  involving  In  z  suggests  that  there  is  pressure  growth  away 
from  the  pulse  entry  port.  This  effect  is  further  complicated  by  the 
presence  of  the  angle  between  the  pulse  gun  and  the  transducer.  For 
some  ports,  hence  for  some  barrel  lengths,  the  transducer  distance  z 
and  transducer  angle  6  are  nearly  linearly  related.  It  seems  plausible, 
therefore,  that  the  three  terms  involving  barrel  length  are  simply  further 
manifestation  of  the  effect  of  transducer  distance. 

It  was  hoped  that  modifying  the  raw  peak  pressure  data  by  incidence  co¬ 
efficients  would  clear  up  the  complexities  of  the  model  as  it  did  with 
the  bomb  data.  If  the  propagation  of  the  shock  wave  is  essentially 
spherical  from  the  pulse  entry  port,  then  the  incidence  coefficients 
are  calculated  in  exactly  the  same  way  as  for  bombs.  The  following  model 
was  lit  using  the  pressure  data  adjusted  in  this  way: 

ln  C~T  }  -  3.69  +  0.183  In  V  +  0.0804  -  0.259  z 

>■  i  +  cos  vi  y 

+  0.0223  y2  +  0.650  0  (31) 

The  residual  standard  deviation,  which  should  be  smaller  by  a  factor  of 
l/(l  +  c),  where  c  -  0.64  is  the  average  value  of  the  cosine  of  the  angle 
tt,  has  increased  from  0.215  to  0.27,  and  the  multiple  correlation  coef¬ 
ficient  has  correspondingly  decreased  from  92  percent  to  77  percent. 
TVirther,  the  signs  on  some  of  the  terms  appear  to  be  of  questionable 
validity. 

Modification  of  the  data  by  the  simple  incidence  coefficients  used  for 
bombs  thus  doea  not  permit  a  good  fit  with  a  simple  model.  We  conclude, 
therefore,  that  with  the  triplet  injector  the  pressure  waves  produced 
by  pulse  guns  have  a  strong  directional  effect,  rather  than  being 
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esanatially  spherical  with  only  a  alight  distortion  in  tho  direction  of 
tha  barrel.  A  furthor  analysis  of  tho  angle  vith  which  the  shock  front 
hit  each  transducer  would  ho  difficult  and  tenuous  based  on  the  data 
node  available  by  this  pregraa. 

The  nsdol  which  best  fits  tho  uneorreoted  pulse-gun  data  using  the  doublet 
injector,  50*50  fuel,  and  Hercules  Bullseye  powder  is  as  follows: 


In  P  -  50.8  ♦  1.40  In  V  -  0.244  (in  V)2  +  0.0728  In  ¥  In  P 
-  4.92  In  a  ♦  1.56  (in  s)2  +  0.512  in  BL 


db 


-  0.104  In  *  -  9.51  In  BL  In  8 


(32) 


The  aaltiplo  correlation  coefficient  and  residual  standard  deviation 
using  the  Model  are  93  percent  and  0.19,  respectively. 


The  terns  involving  the  gun  paraneters  are  the  ease  as  those  which  appear  in 
the  fits  of  the  cold  characterisation  data.  The  way  in  which  they  appear 
differs  fron  the  oold  results  in  two  respects:  (l)  The  nagnitude  of  the 
influr  e  of  these  paraneters  on  the  pressure  is  much  less  (an  increase 
in  cha *_•  weight  fron  10  to  40  grains  produced  nearly  a  fourfold  increase 
in  pressure  during  the  cold  teste  but  only  about  a  25-percent  increase 
during  engine  firings),  and  (2)  the  coefficients  on  the  In  V  and  (in  V)2 
terns  have  reversed  in  sign.  The  curve  still  has  positive  slope,  but  the 
curvature  has  reversed.  Thus,  we  are  seeing  an  asynptotic  effect  of 
charge  weight. 


The  involvenent  of  the  transducer  distance  and  angle  terns  in  Eq.  32 
is  nuch  less  than  for  the  triplet-injector  aodel.  The  general  appearance 
of  the  teraa  in  s,  BL,  and  B  suggests  that  the  pressure  waves  nay  be  aich 
nore  nearly  spherical  with  the  doublet  than  with  the  triplet  injector. 
Although,  these  look  like  good  data  with  which  to  continue  evaluation 
of  the  incidence  coefficient  concept,  this  was  not  acconplished  in  the 
current  progran. 
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Correlation  vith  Cold  Characteristics.  The  parameters  which  have 
to  do  vith  the  pulse  after  it  arrives  in  the  chamber  and  which  were 
therefore  allowed  to  remain  in  the  models  are:  a,  0,  D  (which 
was  not  varied  in  the  cold-flow  experiments),  P,  and  fuel  type  F.  The 
data  for  the  pulse  (un  characteristics  were  estimated  using  Eq.  16,  17, 

and  18  and  the  hot-firing  input  parameter  values  were  taken  from  the 
previous  analysis.  For  each  injector  design,  empirical  models  were  com¬ 
puted  using  each  of  the  estimated  pulse  gun  characteristics  peak  pressure, 
i^ralse,and  velocity.  In  Table  18  the  estimated  coefficients  for  all 
three  cases  are  entered  with  the  coefficient  for  the  pulse  gun  character¬ 
istic  heading  the  corresponding  coliun.  Each  colium  of  the  table  may 
easily  be  converted  into  an  equation.  For  example,  the  first  column  be¬ 
comes  In  P  -  0.5867  In  PMr  ♦  4.70  In  z  +  0.4746  In  6  +  etc.  The  multiple 
correlation  coefficients  were  all  over  93  percent,  indicating  that  about 
87  percent  of  the  variations  in  In  P  are  explained  by  hot  firing  input 
parameters  and  pulse  gun  characteristics.  The  standard  errors  about  the 
regression  lines  were  0.214,  0.221,  and  0.217  for  columns  one,  two,  and 
thre^  respectively. 

Since  the  peak  pressure,  positive  impulse,  and  shock  wave  velocity  were 
so  highly  related,  the  three  equations  sure  very  similar,  except  for  the 
constant  term.  The  constant  is  different  from  model  to  model  because 
the  three  parameters  sure  measured  in  different  units.  Once  again,  the 
models  contain  an  abundance  of  terms  in  s,  8,  and  P,  which  were  used  in 
these  models  in  place  of  BL  and  reflection  coefficients. 

8isdlar  results  were  obtained  for  the  doublet  injector  as  shown  in 
Table  19.  The  data  for  duPont  Military  powder  and  for  the  UMfl  fuel 
were  included  in  the  suaalysis.  The  fits  are  somewhat  worse  than  for  the 
triplet.  The  ststndard  errors  are  0.209  ,  0.204,  and  0.202  for  the  three 
models,  respectively;  the  multiple  correlation  coefficients  are  all  over 
0.85. 
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TABLE  18 

COEFFICIBITS  FOB  TOMS  IN  EQUATIONS  RELATING 
INITIAL  PRESSURE  AMPLITUDE  TO  WISE  GUN 
CHARACTERISTICS 

(TRIPIET  INJECTOR) 


^S^Coeff  leient 

Characteristics 

Tem 

Maxinun 

Blast  Pressure 

Positive  Inpulse 

Shock  Wave 
Velocity 

la  (Characteristic) 

0.3867 

0.1542 

0.1570 

Constant 

0.0 

-6.48 

-8.75 

In  s 

4.70 

-3.15 

-3.12 

In  6 

0.4746 

0.4812 

0.4846 

In  t 

3.12 

3.09 

3.12 

In  fi 

1.71 

1.79 

1.69 

(In  s)2 

0.8749 

0.8799 

0.8706 

(In  6)2 

-2.51 

-2.49 

-2.54 

In  t  •  In  A 

0.8368 

0.8397 

0.8546 

In  s  *  In  fi 

-0.6580 

-O.6663 

-0.6523 

In  8  '  In  A 

-0.6430 

-0.6465 

-0.6543 

rt . }  Av-' 
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TABLE  19 


COEFFICIENTS  FOB  TEEMS  IN  EQUATIONS  RELATING 
INITIAL  RESSURE  AMPLITUDE  TO  PULSE  GUN 
CHARACTERISTICS 

(DOUBLET  INJECTOR) 


C«iUmtiN  of  the  first  f«v  cycles  of  instability  initiated  by  bonbs 
suggests  tint  there  are  at  least  fear  categories  of  initial  beharior  which 

any  be  identified: 

1.  Be  she  in  the  center  of  the  conbastion  chnnber  initiated  the 
first  radial  acoustic  node. 

2.  The  Mealiest  boohs,  near  the  wall  or  at  the  nidradius,  sone- 
tioes  initiated  the  first  tangential  acoustic  node. 

3*  Other  booho  in  these  locations  initiated  the  second  tangential 
acoustic  node. 

4.  Sene  boohs  near  the  wall  and  at  the  nidradius  initiated  coexis¬ 
tent  first  and  second  tangential  acoustic  nodes. 

% 

Similarly,  the  initial  instabilities  caused  by  the  pulse  gun  disturbances 
can  be  categorised  as  follows: 

1.  Pulse  guns  directed  tangentially  with  both  injectors  initiated 
predominantly  the  spinning  first  tangential  acoustic  node. 

2.  Pulse  guns  directed  cherdally  with  the  triplet  injector 
initiated  coexistent  first  and  third  tangential  acoustic  nodes. 

3.  Pulse  guns  directed  chordal ly  with  the  doublet  injector  initi¬ 
ated  either  the  spinning  first  or  standing  second  tangential 
acoustic  nodes. 

4.  Pulse  guns  directed  radially  with  both  injectors  initiated  either 
the  standing  first,  second,  or  third  tangential  acoustic  nodes, 
singularly  or  coexistent. 
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The  propagation  of  a  Moderately  high  aaplitude  beab  or  pnlao  gun  pressure 
wave  through  the  steadily  burning  propellant  coabuatioc  sediua  any  so 
alter  the  burning  rate  of  that  nediun  that  it  is  rapidly  consumed.  Such 
higher-than-steady-state  combustion  gas  generation  raises  the  swan  chamber 
pressure.  This  leads  (through  the  same  aechanisas  that  dominate  the 
occurrence,  frequency  and  aaplitude  of  chugging  instability)  to  one  or 
wore  cyclical  oscillations  in  nean  chaaber  pressure  about  the  steady- 
state  value. 

These  low  frequency  oscillations  are  apparent  in  pressure  traces  such 
as  Fig.  52  and  streak  photographs ,  Fig.  60  and  61 ,  but  are  not  in¬ 
dicated  in  the  bar-chart  stability  suMaries  of  Fig.  53  through  57* 

There  is  some  wider  j  that  the  variations  in  predosdnant  acoustic  nodes 
shown  there  nay  be  associated  with  particular  tines  in  the  low-froqusacy 
pressure  oscillations.  The  initial  wsde  of  acoustic  instability,  for 
example,  usually  decays  rapidly  during  the  pressure  decay  that  follows 
the  initial  steady-state  spray  burnout.  Then,  as  the  wean  pressure  falls 
below  the  steady-state  value  and  the  propel  last  injection  rates  begin  to 
exceed  their  average  values,  the  conditions  that  ultiaately  determine 
whether  an  instability  will  be  sustained  or  not  are  apparently  established. 
Ikiribg  this  tine,  the  rate  of  aaplification  for  the  first  tangential 
acoustic  node  (whether  or  not  it  was  evident  before)  appears  to  be  crucial. 

Whenever  an  instability  was  sustained  following  a  boab  or  pulse  gun  dis¬ 
turbance  during  these  experinents ,  the  initially  triggered  node  and  any 
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intermediate  m4«i  were  rtplKtd  within  a  few  milliseconds  by  coexistent 
third  tangential  sad  first  radial  acoustic  nodes.  Because  the  third 
tangential  is  tho  lowest  order  tangential  acoustic  node  whose  velocity 
nodal  pattern  Matches  the  boundary  conditions  iaposed  by  a  three-vane 
baffle  configuration,  it  ia  the  one  sustained  and,  since  the  first  radial 
■ode  is  so  near  in  frequency  aad  can  also  natch  the  baffle  boundary  con¬ 
ditions,  it  is  excited,  too.  With  the  exception  of  the  first  radial  node 
initiated  by  boobs  at  the  chamber's  axis,  the  sustained  third  tangential 
node  appears  to  have  been  diiven  only  by  the  first  tangential  node  having 
been  amplified  above  seen  threshold  solitude  before  the  low- frequency, 
mean  pressure  oscillations  had  decayed  and  converged  on  an  equilibrium 
naan  chamber  pressure.  Once  the  crucial  point  was  passed  and  it  was  es¬ 
tablished  that  the  third  tangential  node  would  be  sustained,  the  first 
tangential  ande  was  more  or  less  rapidly  damped  and  disappeared.  An  in¬ 
tv  resting  corollary  of  this  observation  that  the  first  tangential  node 
cannot  survive  the  presence  of  the  third  tangential  is  suggested  by 
several  of  the  pulse  gun  tests:  if  the  third  tangential  node  were  present 
ia  the  initial  pressure  oscillations,  it  appeared  to  prevent  the  first 
tangential  node  from  being  nullified  enough  to  drive  a  sustained  third 
tangential  node  following  the  low-frequency  oscillation  in  nean  pressure. 


When  the  doublet  injector  was  fired  with  U1MI  fuel,  the  second  tangential 
node  was  a  predominant  contributor  to  about  half  of  the  instances  of 
sustained  instability.  The  renson  for  this  tendency  was  not  discerned. 


The  occurrence  of  at  least  some  conflicting  evidence  in  such  a  program 
is  inevitable.  As  an  example,  the  pressure  records  following  explosion 
of  rQHB/20K  pulse  gun  charges  during  Tests  No.  005  end  012  are  super¬ 
imposed  on  each  ether  in  Fig.  81.  These  tests  were  essentially  pre¬ 
cise  replicates  (Table  ll)  and  the  pressure  traces  are  nearly  identical 
for  about  h  billiseconds  after  pulse  gun  initiation.  Then  the  spinning 
first  tangential' acoustic  mode  during  Test  No.  005  decayed  while  that 
in  Test  No.  012  continued  to  be  amplified  and,  after  about  3  more  milli¬ 
seconds,  drove  the  combined  third  tangen. ial  and  first  radial  nodes. 
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Sustain  or  Damp  Characteristics.  It  would  be  highly  desirable  to  be 
able  to  predict  dynamic  stability  of  the  motor  as  a  function  of  the 
location  and/or  characteristic  of  the  rating  device;  for  example,  the 
magnitude  of  the  initial  overpressure  in  the  chamber.  With  the  pulse 
gun  disturbances,  there  appeared  to  be  a  threshold  value  of  peak  over¬ 
pressure  of  40  psia,  below  which  the  combustion  process  remained  stable 
and  was  insensitive  to  wave  amplification.  Such  was  not  the  case  with 
bomba.  Once  the  initial  threshold  was  exceeded  with  pulse  guns  such  a 
relationship  to  ultimate  stability  ceased.  The  darkened  points  on 
Fig.  72  through  80  represent  those  tests  with  sustained  combustion 
instabilities.  The  unstable  tests  occurred  randomly  without  regard  to 
the  initial  peak  pressures. 

The  only  parameters  having  an  unambiguous  effect  on  ultimate  stability 
as  determined  by  bombs  were  injedtor  type  and  fuel.  With  the  triplet 
injector  the  bomb-induced  disturbances  damped  only  4  times  in  18  tests, 
whereas  19  of  26  tests  damped  with  the  doublet  injector.  With  UDMH  fuel, 
all  3  bomb  tests  led  to  sustained  oscillations.  The  ultimate  damp/sustain 
behavior  of  the  bomb-induced  disturbances  is  shown  in  Fig.  82. 

The  pulse  gun-induced  disturbance  with  the  triplet  damped  19  times  in 
31  tests.  Similiarly,  39  tests  in  50  recovered  with  the  doublet  injector. 
Using  UDMH  fuel,  3  of  6  tests  with  pulse  guns  recovered.  Combustor  damp/ 
sustain  behavior  with  pulse  guns  is  summarized  in  Fig.  83. 

For  the  triplet  injector,  the  dynamic  stability  with  bombs  depended 
randomly  on  bomb  parameters  (  W  and  T  ),  bomb  radial  (r)  and  axial  (^) 
coordinates,  and  on  the  magnitude  of  the  initial  overpressure.  This  is 
implied  by  the  fact  that  for  any  dynamically  stable  test,  tests  with 
sustained  instabilities  can  be  found  with  higher  or  lower  bomb  sizes 
and  greater  or  smaller  ^'s  or  r's. 

The  same  can  be  said  for  the  .doublet  injector  with  the  following  exception. 
All  three  bombs  on  the  chamber  axis  caused  sustained  instabilities.  It 
appeared  reasonable  that  this  was  a  most  sensitive  location  for  the 
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Figure  82.  Stability  of  Testa  With  Bombs  (50-50  Fuel) 
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Figure  83.  Stability  of  Tests  With  Pulse  Guns  (50-50  Fuel) 
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disturbance  since  for  the  doublet  inj ee  tor  (he  first  radial  mode  whicli 
was  immediately  initiated  l>v  such  bombs,  survived  flit*  chug  and  thus 
drove  unstained  coexistent  first  radial  und  third  tangential  modes.  The 
incidence  of  sustained  oscillations  was  only  slightly  less  for  mid-radial 
bombs  tliar.  for  those  near  the  wall  (H.3  vs  23  percent).  I-:  addition 
to  the  effect  of  radial  position,  moving  the  bomb  further  downstream  led 
to  sustained  instability  in  two  cases  (compare  run  053  [stable]  vs  05*» 
nnd  run  050  [stable]  vs  CM7). 

This  wus  in  spite  of  the  fact  that  the  initial  overpressures  were  weaker 
for  the  downstream  bombs. 

In  general,  the  magnitude  of  initial  overpressure  could  not  be  correlated 
with  dnmping  or  sustaining  instability.  In  Pig.  8ti  ,  damp  times  arc 
plotted  against  initial  overpressures  (as  would  be  seen  by  n  pressure 
transducer  one  chamber  rudius  away  from  the  bomb  axis).  The  scatter  is 
obvious,  although  for  the  stable  tests  the  damp  times  fall  below  an  en¬ 
velope  which  increases  with  pressure.  Sustained  instabilities  occurred 
over  the  entire  range  of  overpressure,  however.  One  interesting  incident 
is  that  of  the  seven  mid-radial  bombs  (doublet  injector) , only  the  one 
generating  the  weakest  initial  disturbance  (Fig.  08  )  failed  to  damp. 

This  "upper  threshold"  did  not  occur  for  radial  bombs  and  iB  not  con¬ 
sidered  significant.  Attempts  to  correlate  damp  time  with  bomb  position 
failed. 

The  highest  incidence  of  triplet  instability  with  the  pulse  guns  occurred 
with  the  15HB/10K  charge  sizes;  four  out  of  five  tests  resulted  in  sus¬ 
tained  instabilities.  Seven  out  of  ten  tests  with  the  triplet  remained 
unstable  with  the  pulse  gun  fired  tangentially. 

In  every  case  of  a  sustained  instability  with  both  injectors  and  with 
N2H^-UDMH( 50-50 )  fuel,  the  first  radial  and/or  third  tangential  mode  pre¬ 
vailed.  Among  eight  doublet  tests  with  UDMH  fuel  in  which  instability 
was  sustained, two  bomb  and  three  pulse  gun  firings  resulted  in  a  sustained 
second  tangential  mode. 


Initial  Overpressure  at  5.75  Inches  from  Bomb,  psi 

Figure  8*i.  Pressure  Oscillation  Damp  Times  for  Bombs  and  Pulse  Guns,  Doublet  Injector  (50-50  Fuel^ 


Amplitudes  of  Sustained  Instabi  I  ities .  The  amplitudes  ol'  sustained  in¬ 
stabilities  with  both  injectors  and  fuel  types  are  compared  in  Fig.  85  . 

For  each  run,  estimated  average  oscillation  amplitudes  were  measured 
wifh  Photocons  at  two  uxial  positions.  In  ouch  case  these  transducers 
were  located  essentially  on  the  third  tangential  mode  nodal  points  so  it 
is  primarily  the  u.jplitude  of  the  accompanying  first  radial  mode  that  is 
measured.  For  three  runs  with  the  doublet  injector  (l)47,  048,  082)  with 
Nr)H,-UDMB( 50-50)  fuel,  the  agreement  is  within  the  accuracy  of  measuring 
the  average  amplitude  (+10  psi).  This  seems  to  verify  the  concept  that 
the  amplitude  of  the  sustained  mode  is  dependent  only  on  the  run  conditions 
and  not  the  initiating  disturbance.  UDMH  fuel  with  the  doublet  injector 
and  N()H;)-UDMH( 50-50)  fuel  with  the  triplet  injector  gave  amplitudes  of 
the  sustained  instabilities  which  were  higher  than  those  with  -UDMH (50-50) 
and  the  doublet  injector.  These  data  are  consistent  with  the  same  UDMH 
and  triplet  tests  having  exhibited  lower  initial  pressure  wave  amplitudes. 

Both  phenomena  probably  stem  from  more  concentrated  combustion  nearer  to 
the  injector. 

As  described  previously,  in  all  sustained  instabilities  with  NgH^-UDM^ 50-50) 
fuel,  coexisting  first  radial  and  third  tangential  modes  are  believed  to 
be  present.  Analysis  of  the  records  of  Photocons  H  and  I*  in  runs  080 
through  083  indicates  that  the  sustained  peak-to-peak-oscillation  amplitude 
of  the  first  radial  mode  v/as  about  81  psi  while  that  of  the  third  tangential 
mode  was  about  164  psi.  Photocons  A,  B,  and  C  (which  are  supposedly  on 
the  third  tangential  node  and  measure  only  the  first  radial)  average  about 
90  psi  peak-to-peak  which  may  be  due  to  their  "seeing"  a  little  of  the 
third  tangential  mode. 


"Photocons  H  and  I  show  a  distinct  "beat"  which  has  a  frequency  close  to 
the  difference  in  the  theoretical  frequencies  of  the  first  radial  and 
third  tangential  modes.  Applying  simple  sinusoidal  analysis,  the  beat 
maximum  is  the  sum  of  the  amplitudes  of  the  two  modes,  while  the  beat 
minimum  is  the  difference  of  the  respective  amplitudes.  Since  these 
transducers  were  midway  between  the  third  tangential  nodes  and  antinodes, 
the  third  tangential  amplitude  calculated  still  had  to  be  corrected  to 
its  value  at  the  antinode. 
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Photocon  Distance  from  Injector,  inches 


Figure  85.  Amplitudes  of  Sustained  Instabilities 
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Imnonstration  Tests 


Based  upon  the  data  obtained  during  the  experimental  hot-firing  program, 
analytical  models  were  developed  that  correlated  the  combustor  response 
(in  terms  of  the  initial  peak  overpressure)  to  the  rating  device's  input 
parameters  or  characteristics-  A  short  series  of  additional  hot-firings 
using  the  doublet  injector  and  NgH^-UWf^ 50-50)  fuel  were  made  to  demon¬ 
strate  the  accuracy  of  the  analytical  models.  The  triplet  injector  was 
damaged  earlier  in  the  program  and  therefore  could  not  be  used  during 
the  demonstration  firings.  The  correlations  obtained  (Eq.  23  and  32) 
during  the  analysis  were  used  to  predict  the  motor's  initial  disturbance 
pressure  growth  for  rating  devices'  parameters  or  motor  conditions  not 
previously  tested. 

A  total  of  seven  demonstration  teats  were  made;  six  bombs  were  fired, 
two  at  elevated  chamber  pressures  of  211  and  266  psia,  respectively. 

Four  pulse  gun  charges  were  fired  with  two  at  the  higher  chamber  pressures. 
The  input  parameters  varied  for  the  demonstration  firings  are  listed  in 
Table  20  .  A  complete  description  of  the  rating  device  parameters  were 
given  in  Tables  13  and  14. 

In  addition  to  the  parametric  changes  made  in  the  rating  devices,  two 
new  chamber  Photocons  were  installed  with  different  values  of  transducer 
distance,  z.  In  some  instances,  a  Photocon  used  in  the  demonstration 
firings  was  as  close  as  1.80  inches  from  the  disturbance.  The  correla¬ 
tions  were  based  upon  data  with  Photocons  no  closer  than  2.93  and  2.60 
inches  for  the  bombs  and  pulse  guns,  respectively.  Those  points  below 
2.60  inches,  therefore,  represent  input  conditions  outside  of  the  range 
upon  which  the  model  was  based. 

The  demonstration  firing  results  are  ^hown  in  Fig.  86  through  89  •  A 
correlating  line  has  been  drawn  through  the  individual  predicted  points 
(solid)  for  each  test.  The  experimental  points  are  also  plotted.  The 
percent  error  between  the  predicted  values  and  the  actual  experimental 
data  were  calculated  at  several  discrete  values  of  z  by  the  followin'*; 
equation. 
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TABLE  20 


HATING  DEVICE  PARAMETERS  TOR  DEMONSTRATION  FIRINGS* 


Test  No. 

Device 

Reason  for  Selection 

080 

Bomb 

The  vail  thickness  was  0.062-inch,  which  was  half 
the  thickness  of  the  nylon  cases  previously  fired. 

081 

Bomb 

The  axial  distance  was  2.55  inches,  which  was  closer 
to  the  doublet  injector  face  than  bombs  previously 
tested. 

082 

Bomb 

The  charge  size  was  6.9-grains  of  PETN,  which  was 
intermediate  between  the  previous  charge  sizes  of 

5.5  and  13.5  grains. 

083 

Bomb 

The  vail  thickness  was  0.250  inch,  which  was  inter¬ 
mediate  between  the  previous  0.170-  and  0.280-inch 
nylon  wall  case  thickness. 

084-8** 

Pulse  Gun 

The  axial  distance  was  3«00  inches,  which  was  inter¬ 
mediate  between  2.00  and  4.00  inches  for  previous 
tests  with  40HB/20K  charges  and  tangential  entry. 

084-5 

Pulse  Gun 

The  axial  distance  was  3*00  inches,  which  was  inter¬ 
mediate  and  also  the  charge  size  40HB/7.5K  was  mixed. 

085 

Bomb 

A  repeat  charge  size  of  13.5-grains  with  a  3* 23-inch 
axial  distance  was  made  at  21b-psia  chamber  pressure. 

085-7 

Pulse  Gun 

A  repeat  charge  size  of  15HB/10K  and  2.00-inch  axial 
distance  was  made  at  211— psia  chamber  pressure. 

086 

Bomb 

Same  as  085  except  at  266-psia  chamber  pressure. 

C86-7 

Pulse  Gun 

Same  as  085  except  at  266-psia  chamber  pressure. 

♦Complete  description*  are  given  in  Table*  13  and  14 
**The  dash  number  refer*  to  the  bo*»  orientation  (Pig.  45) 
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Figure  86.  Demonstration  Hot-Firing  Results  With  Boobs 


at  Elevated  Chamber  Pressures 


Photocor.  Distance,  Z,  inches 


Percent  Error  = 


I  Predicted  Value  -  Experimental  Value  I 
Predicted  Value 


(100) 


These  data  are  presented  in  Table  21. 

The  negative  signs  indicate  that  the  predicted  values  of  peak  overpressure 
were  less  than  the  experimental  values.  Results  from  the  first  four  tests 
with  bombs  are  shown  in  Fig.  86  .  The  actual  data  obtained  on  tests  080, 
081,  and  082  were  on  the  average,  within  10.3  to  12.3  percent  of  the  pre¬ 
dictions.  With  a  bomb  (0. 280-inch  wall  thickness)  located  et  the  chamber 
center  for  test  083,  the  percent  error  increased  to  28.0  percent.  The 
effects  of  chamber  pressure  upon  the  initial  wave  amplitudes  are  shown 
in  Fig.  87  •  In  all  instances  the  actual  run  values  were  higher  than 
the  predictions  based  upon  130-f}sia  chamber  pressure.  The  percent  de¬ 
viation  from  the  correlation  line,  however,  was  not  significantly  higher 
than  the  data  obtained  for  only  changes  in  the  bond)  parameters.  Thus, 
a  <  ear  trend  is  not  indicated  for  the  effect  of  chamber  pressure  upon 
the  initial  wave  growth  of  the  disturbance.  (Refer  also  to  Fig.  71.) 

A  larger  data  scatter  was  obtained  for  the  pulse  gun  results  as  shown 
in  Fig.  88  .  The  model  is  highly  suspect  below  a  z  value  of  2.60  inches. 

A  data  point  at  4.30  inches  for  the  -8  location  (tangential)  was  con¬ 
sidered  in  error  and  was  not  included  in  the  average  data.  The  average 
percent  error  for  the  -3  location  (chordal)  was  44.6  compared  to  only 
19*8  for  the  -8.  The  more  acourate  prediction  for  the  latter  is  probably 
due  to  the  fact  that  only  one  pulse  gun  parameter  was  varied  from  those 
on  which  the  correlation  was  based,  i.e.,  axial  distance.  For  test  084-3 
both  the  axial  distance  and  the  pulse  gun  charge  weight/diaphragm  size 
were  changed. 

The  effect  of  chamber  pressure  on  the  pulse  gun  initial  wave  growth  is 
shown  in  Fig.  89  •  The  actual  data  points  were  scattered  about  the 
150-psia  chamber  pressure  correlating  line.  No  definite  effect  of 
chamber  pressure  on  initial  wave  amplitude  can  be  noted. 


COMPRHIFNSIVE  COMPARISON  OF  RATING  TECHNIQUES 


The  three  combustion  stability  rating  techniques  investigated  have  been 
found  to  affect  the  propellant  spray  combustion  field  in  two  fundamentally 
different  ways.  The  bomb  and  pulse  gun  techniques  introduce,  primarily, 
finite  amplitude  pressure  disturbances  and  their  ratings  reveal  the  com¬ 
bustion  field's  pressure  sensitivity.  The  gas  flow  technique,  on  the 
other  hand,  primarily  introduces  flow  velocity  or  propellant  displacement 
disturbances  and  its  ratings  are  based  on  the  combustion  field's  displace¬ 
ment  sensitivity.  Such  a  fundamental  distinction  has  often  been  alluded 
to  but,  prior  to  this  program,  the  two  fundamental  effects  had  not  been 
shown  to  be  separable  and  independent. 

The  NgO^/NgH^-UDM^ 50-50 )  and  NgO^/UDMI  propellant  combinations,  under 
the  conditions  tested,  had  no  demonstrable  displacement  sensitivity. 

As  a  result,  the  gas  flow  rating  technique  was  at  a  great  disadvantage 
in  this  comparative  program.  With  other  propellant  con&inations  (or 
perhaps  at  other  conditions),  displacement  sensitivity  may  be  an  important 
contributor  to  initiation  of  combustion  instabilities  and  the  gas  flow 
technique  thus  may  be  a  valuable  investigative  tool.  Discussions  in¬ 
cluded  in  this  section  of  the  gas  flow  technique's  effectiveness  and  re¬ 
peatability  are  based,  therefore,  on  previous  experience  with  LOX/RP-1 
propellants. 

The  flow  of  explosion  products  that  follows  the  initial  blast  wave  out 
of  the  pulse  gun's  barrel  may  be  thought  to  make  this  rating  device  one 
that  acts  upon  both  the  pressure  sensitivity  and  displacement  sensitivity. 
The  flow  of  explosion  product  gases,  however,  persists  no  longer  than  the 
positive  pressure  duration.  That  characteristic  was  seen  in  the  cold-flow 
studies  to  be  of  the  order  of  a  millisecond  for  the  pulse  guns.  While 
this  is  about  three  times  longer  than  the  bombs '  positive  pressure  dura¬ 
tions,  it  is  one  to  two  orders  of  magnitude  shorter  than  the  initiation 
of  flov  to  initiation  of  instability  typically  observed  with  the  gas 
flow  rating  technique.  It  seems  likely,  therefore,  that  the  pulse  gun 
and  bomb  techniques  both  fulfill  the  singular  role  of  pressure  disturbance 
sources. 
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COMPARISON  OF  MERITS  AND  LIMITATIONS 


The  three  rating  techniques  are  critically  compared  in  this  section  in 
terms  of  specific  individual  attributes.  When  a  single  attribute  is 
considered,  one  technique  may  appear  to  exhibit  distinct  advantages  over 
the  other  techniques.  In  order  to  arrive  at  a  choice  of  the  technique(s) 
to  be  used  for  a  particular  rocket  engine  rating,  however,  merits  and 
limitations  in  terms  of  all  the  attributes  must  be  taken  into  account. 

A  listing  of  merits  and  limitations  is  given  in  Table  22  to  place  the 
following  in  sharper  perspective. 

Applicability  and  Physical  Size 

The  rating  technique  attribute  termed  applicability  is  concerned  with 
the  suitability  of  the  technique  for  a  particular  engine  rating.  Questions 
concerned  with  the  length  of  the  projected  test  series,  time  available 
for  preparations,  the  physical  size  of  the  rating  device,  the  type  of 
combustion  chamber  to  be  rated,  potential  engine  damage,  and  the  devices' 
external  and  internal  engine  access  requirements  must  be  considered. 

If  the  projected  test  series  is  necessarily  short,  the  gas  flow  rating 
technique's  potential  for  obtaining  comparative  ratings  in  a  very  few 
tests  may  be  important.  Again,  however,  its  use  is  restricted  to  pro¬ 
pellants  and  conditions  exhibiting  displacement  sensitivity.  The  pulse 
gun,  similarly,  can  potentially  supply  ratings  in  a  limited  number  of 
tests  through  use  of  several  graduated  size  charges  fired  sequentially 
during  each  test.  The  requirement  of  a  separate  chamber  access  port  may 
impose  a  limitation  on  how  rapidly  the  rating  may  be  obtained.  By  con- 
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trast,  only  a  single  bomb  can  usually  be  scheduled  for  use  in  each  test 
because  of  the  likelihood  that  a  few  cycles  of  wave  motion  induced  by 
one  bomb  would  dislodge  any  additional  bombs. 

Concerning  time  available  for  preparation  before  a  rating  program  is 
to  begin,  the  techniques  would  normally  be  ranked:  bombs,  pulse  guns, 
gas  flows.  Bombs  can  be  prepared  quite  quickly  because  they  require 


minimal  amounts  of  simple  machining  operations  and  they  are  constructed 
of  readily  available  materials;  preparing  the  combustor  to  receive  tnem 
may  require  the  longest  time.  Preparation  of  pulse  gun  equipment  requires 
somewhat  longer  times  than  bombs.  More  complex  machining  operations  and 
case  hardening  processes  are  used  in  fabricating  a  pulse  gun.  Farther, 
the  burst  diaphragms  required  may  not  be  immediately  available.  (Some 
of  the  orders  placed  during  this  program  were  delivered  in  six  to  eight 
weeks.)  An  adequate  gas  flow  system  may  be  the  slowest  prepared  because 
an  extensive  gas  supply  system  and  the  attendant  flow  control  systems  are 
needed  even  before  calibration  tests  can  begin. 

The  rating  devices'  physical  size  is  important  in  relationship  to  the  ex¬ 
ternal  and  internal  engine  access  required.  The  gas  flow  apparatus  is 
certainly  the  largest  of  the  techniques  but  it  usually  can  be  mounted  in 
some  unobtrusive  location  within  a  few  feet  of  the  combustor.  Its  onlv 
required  connection  to  the  engine  is  usually  a  simple  flow  line  which, 
unless  the  flow  entry  point  is  varied  from  test  to  test,  does  not  require 
continuous  accessibility.  Bombs  and  pulse  guns,  on  the  other  hand,  must 
be  removed  from  the  combustor  and  rebuilt  after  each  test.  This  requires 
that  each  entry  port  be  readily  accessible  from  the  outside  of  the  engine, 
a  requirement  which  may  severely  limit  selection  of  application  points 
and  the  number  of  pulse  guns  that  may  be  used.  If  there  is  good  access 
to  the  inside  of  the  combustor,  external  access  problem. for  bombs  may  be 
avoided  by  installing  them  inside  the  chamber.  Minimum  external  access 
for  making  electrical  connections  is  then  needed. 

With  regeneratively  cooled  combustion  chambers,  installation  of  rating 
technique  application  ports  may  be  very  difficult,  very  expensive  or  even 
prohibited.  Bombs  enjoy  clear  advantages  over  the  other  devices  in  this 
regard.  As  just  noted,  they  may  be  mounted  wholly  within  the  combustion 
chamber  with  only  an  electrical  connection  port  required.  ^Even  the 
electrical  connection  may  be  eliminated  if  thermal  initiation  and  its 
random  variation  in  explosion  time  are  acceptable.)  Farther,  some 
variation  in  bomb  chamber  position  can  be  achieved  from  aq  individual 
attachment  point  by  means  of  extension  wands. 
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Bombs  in  regeneratively  cooled  combustions  chambers  have  a  distinct 
disadvantage,  however,  in  that  their  shrapnel  may  distort,  or  even 
penetrate  and  cuuse  leakage  from  thin-walled  structures.  A  similar 
potentiul  for  damaging  injector  components  exists  but  it  is  usually  no* 
of  as  much  concern  as  is  regeneratively  cooled  wall  damage.  Other  com¬ 
bustor  damage  potential  comes  from  the  disruption  of  the  normal  propellant 
flow  paths.  When  any  of  the  techniques  is  admitted  through  the  chamber 
wall,  increased  turbulence  may  lead  to  wall  melting  or  errsion  downstream 
of  the  entry  port.  Again  this  may  be  minimized  for  bombs  by  mounting  them 
on  injector  or  baffle  components  and  making  the  flow  disruption  a  free- 
stream  rather  than  a  wall  effect. 

Effectiveness 

How  effective  a  rating  device  is  for  delineating  a  particular  engine's 
instability  traits  depends,  as  has  been  seen,  on  the  propellant  combina¬ 
tion,  propellant  injection  pattern,  combustor  configuration  and  operating 
conditions.  Additionally,  there  is  strong  dependency  upon  the  devices' 
directionality  (or  lack  of  it)  and  versatility  in  the  location  of 
application. 

The  evaluation  of  a  device's  effectiveness  may  also  vary  from  one  appli¬ 
cation  to  another  with  differences  in  the  rating  goal.  A  greater  effec¬ 
tiveness  would  surely  be  ascribed  to  pulse  guns,  for  example,  to  be  used 
for  a  study  of  tangential  acoustic  instability  of  an  unbaffled  injector 
than  those  used  for  general  evaluation  of  any  instabilities  that  might 
occur  at  a  baffled  engine's  normal  operating  point.  In  the  latter  in¬ 
stance,  a  pulse  gun  might  not  effectively  initiate  baffle  compartment 
or  longitudinal  acoustic  resonances  nor  give  any  clues  to  a  potential 
feed  system  coupled  (chug  or  buzz)  instability  problem.  (Only  the 
effective  initiation  of  wave  motion  within  the  chaad>er  will  be  considered 
here. ) 

for  general  purpose  stability  investigations,  bombs  may  be  more  effective 
than  gas  flows  or  pulse  guns  because  of  the  nearly  spherical,  essentially 
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nondirectional  pressure  waves  generated  by  bombs;  this  permits  (conceivably 
at  lsast)  initiation  of  the  longitudinal  acoustic  mode.  In  the  current 
experiments,  where  no  longitudinal  mode  was  observed,  radially  directed 
pulse  guns  were  apparently  as  effective  as  bosrt>s  positioned  near  the  chamber 
wall  and  initiated  the  same  standing  acoustic  modes.  Chordal ly  and  tangen¬ 
tially  directed  pulse  guns,  however,  nearly  invariably  initiated  the  spin¬ 
ning  first  tangential  mode.  While  the  ultimate  stability  appeared  to  be 
critically  dependent  upon  the  behavior  of  the  first  tangential  mode,  there 
was  no  evidence  linking  that  effect  preferentially  to  either  the  spinning 
or  standing  mode. 

Direct  initiation  of  the  first  radial  acoustic  node  occurred  only  with 
boribs  mounted  at  the  center  of  the  combustion  chamber,  a  strong  pressure 
anti-node  for  that  mode.  Its  initiation  with  bombs  in  other  positions  and 
pulse  guns  was  indirect,  i.e.,  by  the  third  tangential  mode,  and  appeared 
not  to  be  related  to  the  rating  techniques.  Again,  the  bomb  technique's 
versatility  in  mounting  locations  gives  it  a  clear  advantage  over  the 
pulse  guns,  which  are  restricted  to  applications  at  the  combustor's  wall. 

The  gas  flow  technique  is  similarly  limited  to  applications  near  the  wall. 
This  technique's  effectiveness  may  be  enhanced  by  using  a  gas  that  is 
chemically  reactive  with  one  or  both  propellants;  this  was  not  investigated 
in  the  current  program. 

The  apparent  advantages  in  effectiveness  of  bombs  are  lessened  somewhat 
by  the  fact  that  bomb  orientation  did  affect  initial  wave  growth  in  this 
program.  This  suggests  that  bomb  blast  waves  do  have  some  directional 
characteristics. 


Repeatability 

Somewhat  facetiously,  it  might  be  said  that  the  gas  flow  method  was  the 
most  repeatable  of  the  rating  techniques  Investigated — not  very  appli¬ 
cable,  but  consistent  and  repeatable.  From  previous  studies,  it  is  noted 
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that  this  technique  hag  a  reputation  for  precise  control  and  good  repro¬ 
ducibility,  e.g.,  ratings  have  been  established  with  individual  values 
falling  within  about  ±1  to  10  percent  of  the  mean  value. 

Few  replicate  tests  with  the  explosive  devices  were  attempted  in  this 
hot-firing  program.  Araoig  five  sets  of  replicate  pulse  gun  firings, 
four  sets  exhibited  comparable  initial  wave  amplitudes  (within  about  ±10 
percent)  and  the  other  gave  completely  conflicting  data  (i.e.,  only  a 
very  low  amplitude  wave  was  produced  in  one  case).  With  the  exception 
of  that  same  set,  the  initial  modes  triggered  were  also  duplicated. 

Ultimate  stability  was  duplicated  in  three  of  the  five  sets;  in  view  of 
the  apparent  lack  of  correlation  of  ultimate  stability  to  the  rating 
techniques,  this  is  perhaps  surprisingly  good  repeatability.  The  fact 
that  the  amplitudes  of  the  initial  waves  were  moderately  well  correlated 
to  the  variations  of  pulse  gun  parameters  is  further  evidence  of  reasonably 
acceptable  pulse  gun  repeatability. 

Pulse  gun  r  peatability  appeared  to  be  better  in  the  hot-firing  tests 
than  in  cold-characterization  experiments.  It  seems  reasonable  that  im¬ 
proving  the  device  to  reduce  lata  scatter  in  the  latter  would  also  improve 
the  former  as  well.  Another  potential  source  of  scatter  in  the  hot-firing 
tests  was  that  the  burst  diaphragms  were  exposed  to  heat  transfer  from 
the  combustion  gases  for  varied  lengths  of  time  and  may  have  undergone 
changes  in  their  burst  pressures. 

That  the  initial  pressure  wave  asqilitudes  produced  by  bosrijs  were  corre¬ 
lated  even  more  closely  to  the  bomb  parameters  than  those  from  pulse  guns 
is  convincing  evidence  of  bomb  repeatability.  They  were  also  quite  con¬ 
sistent  in  the  initial  asides  of  instability  induced.  The  correlations 
were  based  on  averages,  however,  and  each  average  value  represented  sobmc 
degree  of  scatter.  An  indication  of  repeatability  was  given  by  several 
bombs  mounted  at  the  center  of  the  chamber.  Depending  upon  the  charge 
weight,  tome  random  variations  in  amplitude  were  observed  among  the 
pressure  transducers  in  each  test  and  from  test-to-test  that  were  not 


apparently  related  to  the  injector  pattern.  This  was  believed  to  be  a 
result  of  non-uniform  case  rupture;  fabrication  variability,  such  as 
eccentric  or  off-center  cavities  in  the  cases,  or  operational  variability, 
such  as  as}'imetric  heating  (softening)  or  ablation,  might  be  the  cause. 

It  is  apparent  from  the  foregoing  that  repeatability  was  not  very  well 
established  in  this  program  but  that  it  was  not  so  poor  for  either  pulse 
guns  or  bombs  as  to  represent  a  major  obstacle  to  fulfilling  the  program 
obj ectives. 


He liability 

Gas  pulse  technique  reliability  is  determined  primarily  by  the  reliability 
of  the  electronic  and  servo  control  systems  for  producing  the  desired 
f lovrat e-time  function.  With  the  full  servo  control  of  flowrate  system 
used  in  the  hot-firing  program,  non-linear  ramps  were  produced  in  two  of 
eleven  tests,  an  inordinately  high  18  percent.  That  system  was  used  as 
an  expedient;  for  considerably  greater  versatility  and  essentially  com¬ 
plete  reliability,  the  indirect  flow  control  using  the  function  generator 
is  preferred. 

The  protective  case  design  for  explosive  bombs  has  a  strong  influence  on 
bomb  reliability.  Being  mounted  within  the  combustion  chamber,  bombs  are 
subjected  to  the  high  temperature  environment  and  if  the  cnse  is  too  thin, 
may  be  prematurely  detonated  due  to  thermal  sensitivity  of  the  explosive 
charge.  Only  one  instance  of  thermal  detonation  occurred  in  this  test 
series  but  it  has  been  common  enough  in  other  programs  that  it  is  some¬ 
times  relied  upon  for  bomb  initiation  when  routing  of  lead  wires  out  of 
the  chamber  has  appeared  particularly  inconvenient  or  difficult.  Internal 
mounting  also  exposes  bombs  to  the  stresses  of  transverse  combustion  gas 
flow  and  any  pressure  wave  motion  within  the  combustor.  This  has  usually 
meant  that  only  one  bomb  could  be  used  in  each  test  because  the  first 
sequonced  bomb  is  likely  to  break  or  dislodge  any  others.  Structural 
failure  of  a  single  bomb  (e.g.,  by  a  brief  disturbance  such  as  a  transient 
instability  during  the  engine  start  sequence)  cou  d  then  mean  that  no 
bomb  rating  data  would  be  obtained  from  that  test. 
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Inadequate  protection  of  detonator  lead  vires  as  they  were  routed  out 
of  the  combustor  caused  three  bombs  to  fail  to  detonate  and  another  was 
aborted  by  a  disconnected  lead  wire  terminal.  Thu*  components  through¬ 
out  the  bomb  design  and  fire  circuit  affect  its  reliability. 

By  comparison,  the  pulse  gun  was  foun  1  to  be  relatively  trouble-free  and 
reliable.  Some  difficulties  were  experienced  in  the  cold-flov  experi¬ 
ments  with  diaphragm  leakage  prior  to  its  rupture  and  with  firing  pin 
jamming  and  breakage.  These  problems  were  overcome  by  devoting  more 
careful  attention  to  tightening  and  cleaning  operations  and  were  not  ex¬ 
perienced  during  the  hot-firing  tests.  The  burst  diaphragms  apparently 
offer  adequate  protection  to  the  explosive  charges;  no  problem  with  thermal 
initiation  wai  erperienced. 


Handling  Characteristics 

Some  discussion  pertinent  to  the  handling  characteristics  of  each  rating 
device  has  been  given  earlier.  The  relative  effort  required  to  effect 
changes  or  replacement  between  tests  and  the  hazards  associated  with  each 
technique  are  discussed  briefly  here. 

Once  the  basic  flow  system  has  been  installed  for  the  gas  pulse  apparatus, 
very  little  additional  handling  is  required.  The  only  test  hardware 
preparation  consists  of  relocating  the  connecting  line  between  the  con¬ 
trol  valve  and  the  appropriate  chamber  boss.  The  operation  of  the  device, 
however,  requires  additional  preparation.  This  includes  the  manipulation 
of  numerous  valves  and  the  pressurization  of  the  source  tank  to  the  de¬ 
sired  valve.  Other  than  personnel  association  with  high  pressure  gas 
systems,  no  particular  hazard  is  associated  with  the  gas  pulsing  equipment. 

The  bomb  and  pulse  gun  devices  both  contain  small  amounts  of  high  explo¬ 
sives.  Safety  with  explosives  requires  knowledge  of  the  hazards  involved 
and  rigid  adherence  to  the  proper  methods  of  performing  each  function. 

The  greatest  hazards  to  be  guarded  against  are  stray  currents,  static 
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electricity,  frictional  heat,  impact  and  careleeanese.  Pulse  guns  are 
lees  hasardous  than  bombs  because  the  cartridge-loaded  charges  and  the 
unidirectional  blaat  sake  it  easier  to  aroid  direct  personal  exposure. 

Pol  loving  a  hot-firing  test,  any  boabs  that  have  not  been  detonated  oust 
be  disposed  of  immediately.  Extra  precautions  are  called  for  because  of 
the  potentially  higher  sensitivity  of  explosives  that  have  been  heated; 
this  work  should  be  performed  by  personnel  specifically  trained  in  ex¬ 
plosives  disposal  techniques.  Residual  pulse  gun  charges,  jn  the  other 
hand,  may  siiiply  be  returned  to  storage  and  used  in  a  subsequent  test 
(unless  there  is  external  evidence  of  excessive  heating  of  the  pulse  gun 
assembly). 

Another  hazard  associated  vlth  bombs  is  the  possibility  that  one  may  be 
dislodged  and  ejected  from  the  combustion  _  .amber  as  a  live  bomb.  This 
is  even  more  hazardous  than  having  a  residual  bond)  in  the  combustor;  per¬ 
sonnel  may  be  completely  unaware  of  its  presence  and  so  may  unwittingly 
detonate  it  without  benefit  of  protective  equipment.  Periodically,  the 
test  area  should  be  searched  thoroughly  and  a  specific  search  should  be 
conducted  whenever  there  is  not  positive  evidence  that  a  bomb  actually 
detonated  in  the  combustor. 

RATING  TECHNIQUE  SELECTION  FOR  CURRENT  USAGE 

From  the  foregoing  comparisons,  it  is  apparent  that  there  is  not  a  single 
stability  rating  technique  that  is  universally  applicable,  effective,  re¬ 
liable,  etc.,  for  use  in  any  and  all  engine  rating  studies.  Rather,  the 
particular  engine,  with  its  particular  injection  pattern,  combustor  geometry 
and  propellant  combination,  must  be  considered  in  terms  of  the  various 
rating  devices'  characteristics  and  attributes  and  a  particular  single 
device  (or  combination  of  devices)  selected  for  use. 

The  choice  of  a  rating  technique  is  also  influenced  by  the  goals  estab¬ 
lished  for  the  rating  program.  From  previous  experience,  for  example, 

250 


it  may  be  veil  known  that  an  engine  is  especially  aenaitive  to  one  par¬ 
ticular  acoustic  mode  of  instability.  A  short  rating  program's  goal 
might  well  be  an  evaluation  of  how  that  sensitivity  is  affected  by  a 
change  in  injection  pattern  (or  by  an  acoustic  liner  or  baffle  assembly). 
The  rating  device  that  is  best  suited  to  initiation  of  that  particular 
mode  of  instability  would  probably  be  selected,  even  though  another  tech¬ 
nique  might  initiate  more  and  other  modes  with  better  repeatability  or 
reliability. 

Another  rating  program  might  have  as  its  goal  the  establishment,  with 
reasonable  assurance,  that  no  destructive  instabilities  can  be  initiated 
within  the  engine's  normal  operating  range.  The  rating  technique  selected 
might  then  be  a  complementary  combination  of  devices,  utilizing  both  bombs 
and  pulse  guns.  For  a  cylindrical  chamber,  this  should  certainly  include 
tangentially  directed  pulse  guns,  bombs  at  the  chamber's  axis  and  bon&s 
near  the  exhaust  nozzle.  For  other  chamber  configurations,  there  may  be 
other  specific  modal  triggering  requirements  to  account  for  by  combina¬ 
tions  of  rating  techniques. 

This  latter  example  fits  in  the  category  of  dynamic  stability  evaluation 
or  demonstration.  Among  the  rating  techniques,  there  exist  today  suffi¬ 
cient  versatility  and  range  of  experience  to  accomplish  such  ratings 
rapidly  and  efficiently.  It  appears  that  such  ratings  may  best  be 
accomplished  by  making  more  use  of  complementary  combinations  of  rating 
techniques. 


RKUOMMENDAT IONS  FOR  IMPROVED  HATING  TECHNIQUE 


It  has  been  shown  in  this  study  that  certain  of  the  parameters  and  charac¬ 
teristics  of  explosive  bombs  and  pulse  guns  can  be  quantitatively  corre¬ 
lated  with  some  aspects  of  the  stability  response  of  un  operating  liquid 
rocket  combustor  to  them.  Each  of  the  ruting  techniques  has  been  found 
to  have  specific  udvuntagcs  and  limitations;  some  minor  design  changes 
should  be  investigated  as  meuns  of  enhancing  the  advantages  und  reducing 
the  limitations.  It  does  not  now  uppeur  that  such  improvements  will 
advance  either  device  to  u  position  of  general  applicability.  For  that 
reason,  it  is  recommended  that  some  alternate  devices  be  designed  to 
incorporate  ns  many  of  the  advantages  and  as  few  of  the  limitations  ol' 
tut*  existing  rating  techniques  as  possible  and  evaluated  in  terms  of 
t lie  attributes  required  of  a  generally  applicable  rating  technique. 


Additional  Correlations 

Somewhat  expanded  statistical  correlations  of  the  data  obtained  in  this 
program  might  include  the  effects  of  pulse  gun  initial  shock  wave  amplitude, 
effects  of  powder  burning  rate,  and  effects  of  improved  models  for  the 
wave  incidence  coefficiait  at  each  transducer.  Some  additional  data 
would  be  required  to  ensure  statistical  significance;  e.g. ,  small  bombs, 
bombs  closer  to  the  injector  and  pulse  guns  farther  from  the  injector. 
Detailed  spectral  analysis  could  conceivably  give  initial  node  of  insta¬ 
bility  data  for  quantitative  correlation  to  the  initial  wave  information. 

The  validity  and  value  of  the  results  would  be  enhanced  greatly  if  a  por¬ 
tion  of  the  additional  experimental  data  correlated  were  obtained  from 
another  progrura,  such  us  those  conducted  in  recent  years  at  AFRPL. 


Boobs  would  be  considerably  more  useful  if  their  reliability  were  improved. 
In  particular,  their  susceptibility  to  thermal  detonation  and  physical 
failure  under  stress  need  to  be  eliminated.  The  possibility  of  using  more 
than  one  bomb  per  test  and  of  reliable  scheduling  of  the  explosion  are 
highly  desirable  got-1".  Simultaneously,  however,  the  potential  for 
chamber  damage  should  be  reduced  by  designing  the  case  to  produce  less 
shrapnel.  Finally,  if  the  bomb  is  to  be  a  truly  non-directional  dis¬ 
turbance,  the  directional  effects  introduced  by  the  cylindrical  charge 
design  should  be  investigated  and  eliminated. 

Pulse  guns  should  be  improved  by  determining  and  correcting  the  causes  of 
the  excessive  variability  in  pressure  amplitude  and  impulse  among  replicate 
charges  observed  in  the  cold-flow  tests.  Means  could  also  be  determined 
for  eliminating  the  complex  wave  form  and  providing  a  single,  clean  pres¬ 
sure  wave.  Better  correlations  might  be  obtained  if  the  pressure  wave 
amplitude  just  outside  the  muzzle  of  the  gun  were  determined;  the  streak 
photographic  techniques  used  in  the  current  bomb  characterization  should 
be  directly  applicable  here. 


Investigation  of  Other  Rating  Technique  Concepts 

By  combining  the  beneficial  attributes  of  the  various  rating  techniques, 
several  candidate  rating  systems  can  be  conceived,  one  or  more  of  which 
might  be  developed  into  a  single  device  with  universal  applicability. 

In  the  preceding  section,  it  was  recommended  that  a  combination  of  bombs 
and  pulse  guns  be  used  for  general  stability  rating  and  that  the  combina¬ 
tion  be  selected  by  considering  the  characteristics  of  the  engine  system 
to  be  rated.  Perhaps  this  is  too  permissive;  continued  investigation 
might  show  that  one  particular  combination  is  adequate  for  general  rating 
use.  In  that  case,  a  single  integrated  design  should  be  developed. 


Th«  possibility  of  brincing  tbs  gas  flow  technique  back  into  the  picture 
by  initiating  its  flow  with  a  high  amplitude  shock  wave  is  intriguing. 
Both  pressure  sensitive  and  displaceswnt  sensitive  smchanisma  would  be 
perturbed.  The  shock  wave  could  be  provided  by  nechanically  rupturing  a 
diaphragm  sealing  •>  prepressurized  high  pressure  gas  from  the  chamber  or 
by  simply  plumbing  the  gas  flow  through  a  modified  pulse  gun. 

Another  concept  worthy  of  investigation  is  the  repetitive  generation  of 
pressure  pulses,  perhaps  by  a  chemically  fueled  shock  or  detonation  tube, 
to  establish  ratings  based  on  the  minimum  sensitivity  that  occurs  in  a 
given  time  interval  as  opposed  to  the  instantaneous  sensitivity  at  the 
instant  of  detonation  of  a  single  charge. 

Finally,  BMans  of  achieving  the  versatility  in  chamber  position  now  avail¬ 
able  for  bombs  need  to  be  developed  so  that  the  improved,  more  generally 
applicable  devices  may,  indeed,  be  applied  more  generally. 
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APPENDIX  A 


THE  APPLICATION  OF  STATISTICAL  CORRELATION  ANALYSIS 

In  applying  multiple  correlation  or  regression  methods,  one  begins  by 
listing  potentially  important  independent  variables,  each  suitably  quan¬ 
tified.  Dependent  variables  or  responses  are  selected  which  describe  the 
physical  process  under  investigation  as  completely  as  possible.  Then  from 
previous  experimental  experience,  knowledge  of  underlying  physical  prin¬ 
ciples,  or  judicious  application  of  physical  intuition,  one  hypothesizes 
specific  algebraic  forms  or  models  relating  each  dependent  variable  with 
the  independent  variables.  The  parameters  of  these  models  (i.e.,  the 
coefficients  and  exponents  in  the  algebraic  expressions)  are  generally  un¬ 
known,  however,  and  it  is  ,he  basic  purpose  of  the  statistical  correlation 
to  obtain  best  estimates  for  these  parameters. 

Generally  speaking,  a  satisfactory  model  is  one  which  can  account  for 
most  of  the  variation  in  the  dependent  variable.  It  should  include  only 
those  functions  of  the  independent  variables  which  have  importance  in 
describing  the  dependent  variable.  When  such  a  model  has  been  determined, 
it  is  possible  to  describe  past  test  results  from  a  quantitative  point 
of  view  and,  in  addition,  make  statistically  qualified  estimates  of  the 
behavior  of  the  dependent  variable  for  any  combination  of  the  independent 
variables  within  the  general  test  ranges. 

More  specifically,  two  distinct  types  of  models  have  been  developed  and 
reported  in  the  course  of  this  program.  The  first,  which  might  be  called 
descriptive  models,  are  designed  to  fit  the  available  data  as  well  as 
possible.  Descriptive  equations  generally  contain  many  terms,  any  one 
of  which  may  have  only  a  small  effect,  in  order  to  model  well  the  peculi¬ 
arities  of  a  particular  data  set.  The  criterion  for  the  inclusion  of  a 
specific  term  is  whether  it  will  help,  rather  than  hurt,  the  fit.  Such 
models  may  therefore  contain  terms  which  appear  to  be  meaningless  or  of 
the  wrong  sign  on  physical  grounds,  but  which  do  serve  to  reduce  a 
certain  amount  of  variation  in  the  data.  If  one  is  interested  in 


predicting  the  future  perforaance  of  the  aaae  syeten  fro*  which  the 
original  data  set  ia  obtained,  and  if  no  extrapolation  ia  made  beyond 
the  original  rangea  of  the  independent  variablea,  then  auch  a  model  ia 
probably  the  moat  uaeful  for  prediction.  It  ia  aure  to  contain  ell  the 
really  important  effecta,  eren  though  they  be  aaall. 

The  aecond  claaa  conaiata  of  what  we  will  call  interpretive  nodela.  A 
term  is  included  in  auch  a  aodel  only  if  the  evidence  of  its  reality  is 
overwhelming  in  a  statistical  sense.  Statistical  methods  called  tests 
of  hypotheses  are  generally  used  to  assess  the  significance  of  terms  in 
auch  models.  If  one  wishes  to  generalize  the  results  of  experimental 
work  to  different  systems  or  to  extrapolate  the  results  on  the  same 
system,  such  models  should  be  used.  Only  those  terms  which  are  sure  to 
be  real  should  be  employed;  for  example,  one  will  often  avoid  the  "whiplash" 
effect  caused  by  extrapolating  on  the  basis  of  spurious  curvature  terms. 

All  the  correlations  determined  in  this  program  were  obtained  by  using 
the  Rocketdyne  Stepwise  Regression  Routine,  a  computer  program  for  which 
a  card  deck  is  on  file  at  Rocketdyne's  computer  facility.  This  program 
can  be  used  for  any  model  which  either  Is  linear  or  some  transformation 
of  it  is  linear  in  the  unknown  parameters.  By  a  stepwise  procedure 
functional  variables  are  added  or  deleted  until  a  final  multiple  linear 
regression  equation  is  obtained,  This  model  will  include  only  those 
functional  variables  which  have  a  significant  effect  on  the  dependent 
variable.  By  specifying  in  advance  the  confidence  levels  used  to  include 
or  delete  terms,  one  can  obtain  either  a  descriptive  or  interpretive 
correlation. 

To  determine  whether  a  useful  correlation  has  been  obtained,  the  multiple 
correlation  coefficient  is  evaluated.  The  square  of  this  index  is  the 
fraction  of  the  total  variation  in  the  dependent  variable  which  has  been 
accounted  for  by  the  independent  variables  using  the  chosen  model.  For 
example,  a  coefficient  of  0.8  indicates  that  64  percent  of  the  variation 
can  be  attributed  to  the  variables  used  in  the  model.  The  other  J6  percent 
may  be  identified  with  other  variables  not  included  in  the  analysis,  in¬ 
consistencies  in  the  data,  a  poor  choice  of  the  original  model,  and/or 
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simply  "random  error."  The  maximum  value  cf  this  coefficient  is  unity 
which  corresponds  to  perfect  correlation.  Thus  a  correlation  coefficient 
close  to  one  indicates  that  the  correlation  is  of  significant  practical 
value. 

The  model  predictions  should  not  differ  greatly  from  the  corresponding 
observed  values.  A  measure  of  these  deviations  is  given  by  the  standard 
error  about  the  fit  or  residual  standard  deviation.  This  is  defined  as 
the  root  mean  square  of  the  deviations  of  the  actual  data  from  this  pre¬ 
diction  based  on  the  model,  with  an  adjustment  factor  depending  on  the 
number  of  terms  in  the  model.  When  the  logarithm  of  the  response  is  used 
as  the  dependent  variable  then  the  stfndard  error  is  roughly  the  percent 
error  in  the  response.  Thus,  if  the  tinudard  error  for  In  y  is  0.03, 
then  the  deviations  between  observed  values  and  predicted  values  of  y 
are  approximately  5  percent. 


NOMENCLATURE 


arbitrary  constants 
area,  sq  in. 

pulse  gun  barrel  length,  inch 

characteristic  exhaust  velocity,  ft/sec 

shock  or  blast  vave  velocity,  ft/sec  or  in./aicrosec 

initial  value  of  cg  at  the  blast  source 

velocity  of  sound  in  the  undisturbed  Medium, 
ft/sec  or  in./aicrosec 

duration  of  gas  flov  ramp,  sec 

diameter,  inch 

e^  where  e  «=  2.71828  (base  for  Naperian  logarithms) 
a  correlating  parameter  for  fuel  type,  Table  19 
impulse,  lbf-sec  or  lbf-microsec 
unit  impulse,  li-sec  or  psi-aicrosec 

axial  distance  from  the  injector  face  to  the  centerline 
of  a  rating  device,  inch 

length  of  a  cylindrical  explosive  charge,  inch 

length  to  diameter  ratio  of  a  cylindrical  explosive  charge 

shock  or  blast  wave  Mach  ntad>er  (*  c  / c  ) 

'  a'  o' 

pressure,  psia 

back  pressure  downstream  of  a  pulse  gun,  psig 

initial  pressure  in  the  undisturbed  medius,  psia 

explosive  powder  type  correlating  .parameter 
shock  or  blast  wave  overpressure,  psi 
radial  position,  inch  (Fig.  63) 
radius,  inch  or  feet 
time,  sec  or  microsec 


time  interval  or  duration,  sec  or  microsec 

duration  of  the  positive  pressure  portion  of  a  blast 
wave ,  sec  or  microsec 

bomb  case  thickness,  inch 
velocity,  ft/sec 

x 

surge  tank  volume,  ft 

weight  flowrate,  lbm/sec 

explosive  charge  weight,  grains  or  pounds 

axial  distance  from  the  injector  face  to  the  centerline 

of  a  pressure  transducer,  inch 

axial  distance  from  pulse  gun  diaphragm  to  the  centerline 
of  a  pressure  transducer ,  inch 

projected  transverse  distance  between  the  centerline  of 
a  bomb  and  a  pressure  transducer,  in  (Fig.  63) 
straight  line  distance  between  the  center  of  a  bomb 
charge  and  a  pressure  transducer,  inch  (Fig.  63) 
blast  wavt  correlating  parameter  (**  BW  1//^) 


approximate  angle  of  blast  wave  incidence  on  a  pressure 
transducer  (Fig.  63) 

angle  between  pulse  gun'B  centerline  and  the  chamber 

radius  which  intersects  it  at  the  chamber  wall 

ratio  of  specific  heats  (c /c  )  for  air  or  combustion 
gases  * 

density,  lbm/ft^* 

projected  angle  between  combustion  chamber  radii  which 
intersect  the  pulse  gun's  centerline  at  the  wall  and 
intersect  the  center  of  a  pressure  transducer  (measured 
in  the  pulse  direction) 
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Subscripts 


numeral 

b 

c 

d 

db 

f 

gun 

i 

inj 

max 

n 

ns 

R 

t 

+ 


value  of  a  parameter  at  that  distance,  in  inches,  from 
a  blast  source 

value  for  a  base  explosive  charge 
value  for  an  explosive  charge 
value  for  an  explosive  detonator 
value  for  a  burst  diaphragm 
final  value 

value  for  a  pulse  gun  (barrel) 
initial  value 

injection  value  or  at  the  injector 

maximum  value 

value  at  the  nozzle  inlet 

nozzle  stagnation  conditions  value 

value  at  a  radial  distance  from  a  source 

value  at  the  nozzle  thrust 

positive  value 
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the  combustion  stability  of  liquid-propellant  rocket  engines  were  the  establish¬ 
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The  techniques  studied  vere:  (l)  nondirected  explosive  bombs,  (2)  directed  explo¬ 
sive  pulse  guns,  and  (3)  directed  flows  of  inert  gases.  Characterization  was 
accomplished  through  cold-flow  experiments;  each  rating  device's  output  pressure, 
impulse,  velocity,  etc.,  vere  quantitatively  correlated  to  variations  of  its  de¬ 
scriptive  parameters,  e.g.,  explosive  charge  weight,  explosive  type,  burst  dia¬ 
phragm  strength,  bomb  case  thickness,  etc.  Correlations  among  techniques  vere 
sought  by  applying  them  at  various  positions  and  directions  to  an  operating 
rocket  and  measuring  the  combustor's  stability  response.  Two  different  propellant 
injectors  were  tested  with  ^O^/fyjHij-UDMH  (5Q-50)  propellants;  one  of  the  injec¬ 
tors  was  tested  with  N2O4/UDMH  propellants.  It  was  discovered  that  combustion 
with  these  propellants  and  operating  conditions  is  insensitive  to  transverse  vel¬ 
ocity  or  displacement  perturbations;  the  gas-flow  technique  initiated  no  chamber 
pressure  disturbances.  However,  considerable  sensitivity  to  pressure  disturbnoes 
from  bombs  and  pulse  guns  was  observed.  The  combustor's  ultimate  stability  follow 
ing  a  pressure  perturbation  could  not  be  correlated  to  either  bomb  or  pulse  gun 
parameters  or  characteristics;  recovery  to  stable  operation  occurred  randomly. 

The  amplitude  of  the  initial  pressure  wave  was  correlated  quantitatively  to  both 
the  rating  devices'  parameters  and  character! sties. 
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aummary  of  the  document  indicative  of  tha  report,  even  though 
It  may  alM  appear  eltewhero  In  tha  body  of  tha  technical  re¬ 
port.  If  additional  apace  la  reguirod.  a  continuation  thoot  (hall 
ba  attached. 

It  la  highly  deelrebie  that  tha  abatract  of  claaelfiad  roporto 
ba  unclassified.  Each  paragraph  of  tha  abatract  ehell  and  with 
an  Indication  af  tha  military  aacurtty  claaalflcatien  of  tho  In¬ 
formation  in  tho  paragraph,  represented  aa  <TD.  flj.  fc;,  or  (V) 

Thera  ta  no  limitation  on  (ho  length  of  tho  obairoct.  How¬ 
ever,  tho  ouggootod  length  la  from  ISO  to  22S  word*. 

14.  KEY  WORDS:  Key  wo-dr  ere  technically  meaningful  teima 
or  abort  phraaot  that  tharacterise  a  report  and  may  ha  uood  •• 
tndei  ontrtoo  for  cataloging  tho  report.  Key  word*  muot  bo 
selected  co  the:  no  eocurity  claealflcatlon  la  rogulrad.  Identi¬ 
fiers,  auch  ae  aguipmant  modal  deeioiattcn,  trade  name,  military 
project  cad#  name,  geographic  location,  may  bo  used  no  boy 
word*  but  will  bo  followed  by  in  Indication  of  technical  con¬ 
tact.  Tho  aeoignMOt  of  linbo,  niloo,  end  weights  ie  optional. 
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